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ABSTRACT OF THE DISSERTATION 
 
Solution-Processed Metal Oxide Semiconductors and Their Applications 
by 
Huajun Chen 
Doctor of Philosophy in Materials Science and Engineering 
University of California, Los Angeles, 2017 
Professor Yang Yang, Chair 
Research on electronic devices formed via solution process approaches is a key part of next-
generation macro-electronics, such as displays and sensors. Unlike vacuum-based deposition 
techniques, liquid-phase starting materials support diverse device fabrication routes. Additionally, 
these techniques can be employed for selective deposition and the creation of various pattern 
shapes and the low cost of facilities and materials can save expense compared to vacuum 
infrastructure. Despite the advantages of solution processing, the commercial scaling and 
applications of this fabrication method are still in their early stages. In particular, the low electrical 
performance of solution-processed devices is the biggest obstacle to being a broad contributor. 
In this thesis, I will present the design strategy of high-performance oxide semiconductor thin-film 
transistors via low-temperature processes, interface engineering and new device structure design 
to improve mobility and reliability. Additionally, transistor-based biosensor platforms based on 
high-performance oxide semiconductors will be discussed. Low-dimension semiconductors 
derived from solution processes have high sensitivity when compared with bulk semiconductors 
and the uniformity and reproducibility are much better than prevalent nano-scale bioelectronics. 
The detection of several kinds of molecules will be demonstrated.  
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1. Background and introduction 
1.1. Motivation 
Despite the significant efforts to develop printed electronic devices over the past few decades, their 
relatively low production yields and poor performances have impeded their successful 
commercialization. When the reliabilities and electrical performances of silicon-based devices are 
compared to that of printed electronic devices, the latter fares poorly. However, these devices do 
have significant advantages over vacuum-based fabrication processes in terms of simple and 
straightforward processing, large-area coating, fast deposition, and low cost.[1] Thus, many 
researchers have been focusing on these benefits for next-generation processing technologies.[2] 
Organic electronic materials have received significant attention for use in producing all printed 
electronic devices, and they have achieved significant advancements in terms of their electrical, 
optical, and chemical properties.[3-6] However, inorganic-based printing technologies have not 
received much attention due to their relatively high processing temperature, low mechanical 
stability, and inferior performance compared to vacuum-processed inorganic devices.[7-9] 
Inorganic-based printed electronic devices offer several advantages, i.e., (1) chemical stability 
when exposed to air, (2) a range of electrical properties from insulators to conductors, (3) ease of 
integration with other devices and systems. Nomura et al. reported the development of amorphous 
metal oxide semiconductors (AOSs) for thin-film transistors (TFTs).[10] These semiconductors 
showed good electrical properties with both amorphous and crystalline structures. Their unique 
properties are a result of the delocalized s orbitals with heavy metal cations, and their orbitals form 
a largely dispersed conduction band with a small effective mass.[11, 12] That is, electron transport 
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in AOSs is insensitive to structure distortion. This advantage allows for low-temperature 
processing and printing of AOSs. 
ZnO, In2O3, and SnO2 have been proposed as core materials for multi-component AOSs, such as 
InZnO, InGaZnO, ZnSnO, ZrZnSnO, and HfInZnO,[10, 13-18] to obtain highly stable reliable 
structures. Thus, AOSs have been considered as a substitute channel layer in TFTs for advanced 
display technology. 
AOSs have inspired the development of printed metal oxide materials, with various structures and 
processing methods proposed.[19] The metal oxide precursor inks typically require the sequential 
processes of solvent vaporization, dehydroxylation, and oxidation, which require high-temperature 
annealing (over 500oC) that presents significant challenges.[20, 21] In recent years, the performances 
of inorganic-based printed devices have been improved remarkably, and these devices have even 
been used on flexible substrates using a low-temperature process (< 250oC) involving new 
chemical processes and diverse post-processing techniques.[22-28] 
Recently, AOSs have being used to a greater extent for various sensing applications to a greater 
extent than Si-based metal oxide field-effect transistors (MOSFETs).[29-35] The surfaces of AOSs 
have hydroxyl groups that facilitate surface chemistry interactions that enable their use in sensor 
applications.[34, 36] Although the determination of the sensing mechanisms will require further 
study, the variation of TFT characteristics can be explained by several phenomena, i.e., (1) the 
occurrence of electron transfer/trapping between specific functional groups and analytes[37] and (2) 
the charge accumulation/depletion in the semiconductor due to the electric field on the surface, 
which results from chemical/physical changes in specific analytes.[38] Both of these phenomena 
can change the electrical properties of semiconductors, and several components can be used to 
detect the minute variations. Thus, various important entities can be detected and incorporated in 
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the quantitative analysis. These entities can include chemical bio-sensing[32, 33, 39-43] and 
biophotonics.[30, 44-47] 
In this review, we discuss the latest progress related to the determination of electrical and structural 
properties, low-temperature processing, and the design of printed and vacuum AOSs TFTs that 
incorporate them. Also, we will address biosensing platforms based on AOSs through diverse 
interface engineering approaches. 
1.2. Thin film transistors (TFT) 
1.2.1. Historical background 
The first TFT realized was a microcrystalline cadmium sulfide (CdS) n-type TFT, with silicon 
monoxide gate dielectric, and Au electrodes on a glass substrate by Weimer at RCA Labs in 1962 
using vacuum based evaporation and shadow masking.[48] Two years later the first oxide TFT, a 
tin oxide (SnO2) TFT was fabricated using photolithographic techniques. Oxide TFTs would 
garner attention again in 1996 as potential ferroelectric memory TFTs. Prins et al. would 
demonstrate the first transparent oxide TFT in an antimony-doped tin oxide (SnO2:Sb), deposited 
via pulsed layer deposition.[49] Sager et al. would demonstrate the first indium oxide (In2O3).
[50] In 
2003, oxide TFT gained interest again, mostly in zinc oxide (ZnO) TFTs, which would yield 
electron mobilities greater than 1 cm2 V-1 s-1; a potential replacement for the a-Si employed in TFT 
display backplanes. Hoffman, Norris, and Wager produced a transparent ZnO TFT with 2.5 cm2 
V-1 s-1 mobility and an on/off ratio of 107[14]. A breakthrough occurred in 2003 when Nomura et 
al. demonstrated an indium gallium zinc oxide (IGZO) single-crystalline active layer, a TFT that 
presented an electron mobility of 80 cm2 V-1 s-1 and on/off ratio of 106.
[10] This high-performance 
TFT validated the use of metal oxide semiconductors and demonstrated their potentials. 
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1.2.2. Basic TFTs operation 
The TFT relies on modulation of a current that flows between source and drain through the gate 
electrode; the gate electrode affects or modulates, current flow through capacitive injection of 
carriers close to the dielectric/semiconductor interface to produce the field effect.  
The device structure of amorphous oxide semiconductor TFTs is as follows: a semiconducting 
channel layer lies between the source and drain electrodes while a dielectric is deposited in 
between the semiconductor and gate layer, either from the top or bottom, depending on if the 
device is a top-gated or bottom-gated device. In addition, the device can either be top or bottom 
contact, depending on electrode placement. At the bottom of the device is the substrate on which 
everything is laid. A diagram of a typical TFT structure and its working principle can be seen in 
Figure 1.1a. For an n-type enhancement mode TFT, by grounding the source terminal (VS = 0 V) 
and applying a positive voltage to the gate (VG > 0 V), charge carriers will start accumulating at 
the semiconductor/dielectric interface. A positive drain bias (VD > 0 V) will make the carrier flow 
from source to drain.  
1.2.3. TFTs structure 
There are four typical configurations for a TFT as shown in Figure 1.1b, each with different 
advantages and disadvantages.[51] For a-Si:H TFT’s, the staggered bottom-gate configuration was 
widely used in order to counter light sensitivity that the semiconductor layer would experience 
from a liquid crystal display (LCD) backlight. In contrast, poly-Si TFTs utilized a coplanar top 
gate structure due to its need for a high processing temperature and flat continuous film.[52] Bottom-
gate devices fail to protect the semiconductor surface from the air but they can be used to easily 
modify the semiconductor surface’s properties.[53] For oxide TFT, different architectures are 
adapted for different applications and no one has overwhelming advantage so far. 
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Figure 1.1 (a) Schematic of a thin-film transistor. Reproduced with permission.[54] (b) Schematic 
cross-sections of the four principle thin-film transistor structures. The carrier channel is 
schematically shown in red. A: Bottom-gate (inverted) staggered TFT; B: Bottomgate (inverted) 
coplanar TFT; C: Top-gate staggered TFT; D: Top-gate coplanar TFT. Reproduced with 
permission.[55] (c) Output curve for a-Si TFT with channel width and length of 28 and 6 µm, 
respectively. (d) Transfer curve for a-Si TFT with channel width and length of 28 and 6 µm, 
respectively. Reproduced with permission.[56] 
1.2.4. Electrical characteristics of TFTs 
Different types of materials can also be used for the semiconductor layer. The two types of 
materials examined here are silicon and metal oxide. Silicon can be further classified as amorphous 
silicon or polysilicon, distinguished by the grain size. Amorphous silicon consists of a network of 
covalently bonded silicon atoms, with each silicon having four neighboring atoms with various 
bond lengths and angles. Amorphous silicon is non-periodic and does not exhibit long-range order 
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or crystallinity. This gives rise to good uniformity but a low electron mobility. The typical grain 
sizes for amorphous silicon are on the order of 1 nm.[52] Polysilicon can be obtained from 
amorphous silicon using techniques such as laser crystallization. Polysilicon has grain sizes on the 
order of 1 micrometer. The increased grain size gives rise to a higher carrier mobility, ranging 
from 50 to 100 cm2 V-1 s-1[52]. However, due to the grain boundaries inherent in polysilicon, 
uniformity is much lower than that of amorphous silicon. AOS, on the other hand, combines both 
the advantages of amorphous and polysilicon, achieving a high mobility and good uniformity. A 
comparison of each material for the semiconductor layer is shown in Table 1.1. 
Table 1.1 Comparison of various characteristics for different channel materials in thin film 
transistors. 
Material Amorphous Si 
Low-Temperature 
Poly-Si 
Metal Oxide 
Semiconductor 
Carrier Mobility <1 cm2/Vs 50-100 cm2/Vs 10-100 cm2/Vs 
Sub-threshold Swing 0.4-0.5 V/dec 0.2-0.3 V/dec 0.09-0.6 V/dec 
Leakage Current ~10-12 A ~10-12 A ~10-13 A 
Uniformity Good Poor Good 
Number of Masks 4-5 5-9 4-5 
Manufacturing Cost Low High Low 
Process Temperature ~250°C ~250°C RT to ~350°C 
 
𝐼𝐷 =
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2
(𝜇𝑛𝐶𝑖) (
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𝐿
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2], 0 ≤ 𝑉𝐷 ≤ 𝑉𝐺 − 𝑉𝑇                                                (1) 
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) (𝑉𝐺 − 𝑉𝑇)
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Like conventional MOSFET, the I-V characteristics of a thin film transistor can be described by 
the above equations where µ is the field effect mobility (cm2 V-1s-1), C is the capacitance per unit 
area of the insulator layer (F cm-2), threshold voltage (VT) is the threshold voltage, VG is the gate 
voltage, VD is the drain voltage, and channel width (W) and length (L) are the channel width and 
length respectively.[52] With sufficiently large VG, the channel becomes conductive and the current 
in the channel increases with increasing VD. The current increases linearly with VD until the 
channel cannot support more current as described by (1). At this point, the channel is said to be 
saturated and a corresponding saturation region where the current levels off can be observed and 
described by (2). The saturation current can be increased by increasing VG, which allow for more 
carriers to be accumulated at the semiconductor-insulator interface.[52] This type of ID-VD plot 
shown in Figure 1.1c is typically known as an output curve. Figure 1.1d is a plot of ID versus VG, 
typically called the transfer curve. As can be seen, the drain current remains quite low until the 
gate voltage reaches a certain value upon which the drain current increases rapidly and eventually 
levels off. This critical value of the gate voltage is known as the threshold voltage, VT.  
Major electrical characteristics of TFT devices are field effect mobility, threshold voltage, and 
subthreshold swing. These parameters vary depending on factors such as device structure, 
fabrication process, amorphous oxide semiconductor material, and the interface between 
semiconductor and gate dielectric. Ideal electrical characteristics for TFT’s are high mobility, near 
zero threshold voltage and small subthreshold swing. Each of these characteristics is further 
examined in detail below. 
Carrier mobility is a parameter that describes the efficiency of charge carrier transport in a material, 
affecting the maximum drain current of a device. Commonly, the intrinsic mobility of a bulk 
material is obtained by extracting the Hall-effect mobility. However, TFT mobility is different 
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from the intrinsic bulk mobility of its semiconductor, due to the narrow thin film channel through 
which charge transfer can occur. In addition, scattering from dielectric charges, interface states, 
and surface roughness affects the mobility.[57] Several mobilities can be extracted from TFTs: 
effective mobility, field effect mobility, and saturation mobility. The most commonly used 
mobility is the field-effect mobility. 
Threshold voltage corresponds to the gate voltage at which a conductive channel is formed at the 
dielectric/semiconductor interface.[58] The most common method for determining the threshold 
voltage is done by linear extrapolation of the ID-VG linear regime plot. The threshold voltage plays 
a significant role in device operation as the desired value of threshold voltage will be close to the 
voltage at which the device can operate. For n-type TFTs, if the threshold voltage is positive, the 
device is in enhancement mode and if it is negative, the device is in depletion mode. The opposite 
applies for p-type TFTs. Enhancement mode is desirable as no voltage is required to turn off the 
transistor, making circuit design easier and minimizing power dissipation. The concept of the 
threshold voltage is to determine the gate voltage necessary to fully turn-off the transistor.[59]  
The on/off ratio is calculated by dividing the maximum drain current by the minimum drain 
current.[58] The minimum drain current is generally given by the noise level of the measurement 
equipment or the gate leakage current, while the maximum drain current depends on the 
semiconductor material and the effectiveness of capacitive injection by the field-effect.[7] For TFTs 
large values are required for successful usage as electronic switches, generally with values higher 
than 106.  
Subthreshold swing measures how efficiently a TFT turns on and off, directly related to the 
interface of the dielectric/semiconductor and its quality.[58] It is defined as the inverse of the max 
slope of the ID-VG plot, indicating the gate voltage needed to increase drain current by one decade. 
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Low subthreshold swing is characterized as less than 100 mV dec-1 and is ideal for reducing device 
power consumption and operating voltage.[60] 
1.3. Oxide TFTs 
1.3.1. Overview of transparent electronics and amorphous oxide semiconductors 
AOS TFTs are highly sought after for their switching elements for large areas, ultra-high definition, 
and fast frame rate. They are valuable especially in display technology, where TFTs act as switches 
to turn pixels on and off. They can replace a-Si technology in active matrix liquid crystal displays 
(AMLCD) as well as replacing low-temperature poly-silicon (LTPS) used in active matrix organic 
light emitting diodes (AMOLED) displays. Previous thin film transistor technology centered on 
amorphous Si (a-Si). Although a-Si semiconductors exhibited lower carrier mobilities than TFT’s 
based on polycrystalline silicon, they were sufficient for serving as switching elements in LCD 
technology while providing better uniformity and reproducibility across large areas at a lower cost. 
However, due to their low mobility, a-Si was limited in its application to AMOLED. Amorphous 
oxide semiconductors do not have grain boundaries and are not limited in the same way as 
polycrystalline semiconductors. In addition, AOS can be easily processed at low temperatures and 
use environmentally friendly and less expensive facilities.[61] As a result, extensive research has 
been conducted on oxide TFTs for their superior electrical properties, including high mobility, 
high optical transparency, good durability, and low cost in manufacturing while maintaining 
amorphous microstructure.[7] We will examine the materials physics of oxide semiconductors, and 
provide the guidance to design better materials. 
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1.3.2. Electronic structure and carrier transport model of amorphous oxide semiconductors 
Hosono et al. compares silicon and IGZO in the amorphous and crystalline phase and explains the 
observed differences in mobility from an atomic bonding perspective (Figure 1.2). In the 
crystalline phase, silicon achieves high carrier mobility due to effective overlapping of sp3 
orbitals.[10] However, in the amorphous phase, the sp3 orbitals lack directionality and cannot 
achieve efficient overlap, resulting in very poor carrier mobility. In the case of IGZO, the metal s 
orbitals are large and isotropic, allowing for good overlap even in the amorphous structure. This 
is the reason metal oxide semiconductors are able to achieve decent mobility even in the 
amorphous phase. Hosono et al. also proposed the cation candidates in designing oxide 
semiconductor in TFTs in 1996[62] based on electron configuration and the selected cations from 
periodic table is shown in Figure 1.3a. Zn, Ga, In and Sn are the most commonly used elements 
because of their low cost and non-toxicity.[63] Although it is difficult to compare the merit of 
specific elements and compositions since the fabrication process also affects device performance 
significantly, we can still summarize the overall materials behaviors. 
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Figure 1.2 Comparison of mobilities for silicon and IGZO in the crystalline and amorphous phase 
from an atomic bonding perspective. Reproduced with permission.[10] 
 
Figure 1.3 (a) Candidates elements for heavy metal cations with (n - 1)d10ns0 electronic 
configuration. Reproduced with permission.[63] Copyright 2013, Elsevier Ltd. b) Solid-state energy 
(SSE) values for 40 elements arranged in descending energy order. Reproduced with permission.[64] 
 
Binary, ternary and quaternary compounds of these elements listed above have been reported as 
oxide semiconductor acting as an active layer in TFT. SnO2, ZnO, In2O3, and Ga2O3 are the first 
reported binary compounds. However, due to the simplicity of component, binary compounds 
suffer from poor device performance such as high electrical resistivity, low stability, and low on-
off ratio.[65] Meanwhile, binary compounds tend to crystallize, resulting in grain boundaries, which 
(a) (b) 
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greatly scatter the free carriers and affect device reliability. Multicomponent amorphous 
compounds, which refer to AOS, allow better performance than binary compounds because 
amorphous structure could avoid grain boundaries, which are associated with a high potential 
barrier. As a representative example, here we considered the case of amorphous IGZO. It has been 
noted that ZnO and In2O3 are easy to have polycrystalline phase while other multi-component 
oxides, such as IGZO, indium zinc oxide (IZO), and zinc gallium oxide (ZGO), are likely to be 
amorphous.[66] The reason is that adding different ionic charges and sizes in the phase disturbs 
crystallization and enhances the formation of amorphous phase (Figure 1.4).[67] Thus, utilizing 
binary oxide helps to form an amorphous phase of the metal oxide semiconductor. 
 
Figure 1.4 Crystallinity of representative metal oxide semiconductor and each hall mobility. 
Reproduced with permission.[66] Copyright 2006, The Japan Society of Applied Physics. 
 
Furthermore, different ions contribute differently to carrier concentration. Figure 1.3b[64] shows 
the solid-state energy (SSE) values that denote the electron affinity (EA) for cations or ionization 
potential for anions of 40 different elements. The dashed line that distinguishes cations and anions 
at -4.5 eV equals to the ionization energy ε(+/-) of hydrogen donor/acceptor. For those elements 
with an SSE close to -4.5 eV (In, Sn, and Zn), which is a favorable energy for electron doping, the 
13 
 
carrier concentration is enhanced. Noted that for TFT channel layer, the electron concentration 
needs to be reduced to as low as possible. Therefore, elements with SSE above ε(+/-) should be 
employed for suppressing carriers. In this case, Ga with an SSE value of -3.1 eV is the most 
common electron-suppressing cation. The main breakthrough is the invention of IGZO in 2003.[68] 
As a representative AOS, IGZO has high mobility (10-30 cm2 V-1 s-1), high stability, low process 
complexity and has ready been commercialized in the display industry.  
AOS TFTs have better electrical performance than a-Si:H TFTs because of their different chemical 
bonding,[69] resulting in the different origin of mobility. In the case of a-Si:H TFTs, the origin of 
mobility is hopping conduction rather than band conduction, so the drift mobilities of a-Si:H TFTs 
are lower than 1 cm2 V-1 s-1.[70] The conduction band minimum (CBM) and valence band maximum 
(VBM) of a-Si:H are formed by sp3
 
hybridized orbitals which have strong spatial directivity. 
Therefore, deep and high-density localized states are formed below CBM and above VBM due to 
distortion of sp3
 
hybridized orbitals caused by the disordered amorphous structure. As a result, the 
electrons and holes migrate mostly by hopping and result in low drift mobilities. By contrast, the 
electrical properties of AOSs do not degrade significantly in the crystalline phases. The CBMs of 
metal oxides are mainly formed by spherically spread large s orbitals of metal cations, and the 
overlaps between neighboring s orbitals are not altered significantly by structural disorder, thus 
enabling band conduction. Even in the amorphous phase, the mobility of AOSs could still exceed 
10 cm2 V-1 s-1. 
The chemical bonding theory is consistent with the density function theory (DFT). Pseudo-band 
structures of amorphous In-Ga-Zn-O (a-IGZO) and a-Si are shown in Figure 1.5a and b. Figure 
1.5a shows conduction band dispersion with a bandwidth around 1 eV of a-IGZO.[56] The effective 
masses of electron do not deviate appreciably from that of c-IGZO.[67] By contrast, the pseudo-
14 
 
band structure shown in Figure 1.5b indicates that all the bandwidth of a-Si is small (less than 0.5 
eV), suppressing the band conduction. Meanwhile, because of its wider band gap, a-IGZO is 
expected to have lower off-state leakage current than a-Si:H for non-oscillated devices like 
biosensors.  
 
Figure 1.5 (a) Pseudo-band structure of a-IGZO. b) Pseudo-band structure of a-Si. Reproduced 
with permission.[56] Copyright 2010, National Institute for Materials Science. c) Schematic 
diagram of the sub-bandgap states, which may be distinguished as valence band tail (VBT) states 
and conduction band tail (CBT) states. Reproduce with permission. d) Modeled distributions of 
subgap states using exponential and Gaussian distributions. e) Schematic illustrating the Vo-
related defects in a-IGZO and their negligible effects in ZnON semiconductors. Reproduced with 
permission.[71] Copyright 2015, American Chemical Society. 
Here, we offer some guidance on choosing cations for future design of oxide semiconductor 
materials for TFTs. For better electrical properties, multicomponent compound mixing different 
cations with different SSE is more favorable than a binary compound. At the same time, stable 
amorphous structures could be achieved as well when mixing cations with different sizes. The 
(e) 
(c) 
(d
) 
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incorporation of cations such as In3+ and Sn2+ is needed for forming broad-spreading CBMs even 
in the amorphous phase, and the incorporation of cations with an SSE value much above -4.5 eV 
such as Ga is needed to better control the electron concentration.  
Similarly, bond dissociation energy or formation energy is also sometimes used as a reference in 
choosing cations of TFT oxide semiconductor. In other words, AOS can be doped with elements 
that can form a strong bond with oxygen such as Y, S, Si, B and Al, which could be used as oxygen 
stabilizer. The first two elements Y and Sc are categorized as rare earth elements along with the 
lanthanides. Y and Sc have EA (-3.6 and -3.4, respectively) much above ε(+/-) and the high 
formation energy of their oxides can act as oxygen stabilizers. By alloying Y and Sc, the oxygen 
vacancy-related defects could be reduced.[72] Shin et al. have fabricated YIZO thin film transistors 
with comparable electrical properties to IGZO TFTs.[73] Using the latter three elements (Si, B and 
Al), covalent-ironic hybrid AOS materials with high mobility, high stability, and low hysteresis 
can be achieved.[74]  
On the other hand, anion selection could also be a consideration in designing materials that are 
more stable to light. The oxygen vacancies (Vo) located within the band gap is the main reason for 
a persistent photoconductivity (PPC) effect,[75] which strongly affect the stability of the device. A 
new material that has been attractive to researchers recently is oxynitride. By substituting some of 
the oxygen of ZnO into nitrogen, the VBM of ZnON is elevated above the oxygen vacancies defect 
level. ZnON has much higher mobilities and a lower sub-threshold voltage swing (S.S) value than 
a-IGZO, as well as a smaller band gap. The reasons are discussed by Jang et al and illustrated in 
Figure 1.5c-e.[71] The different electrical properties of a-IGZO and ZnON TFTs are determined by 
the distribution of subgap density of states (DOS). A schematic diagram of subgap states is shown 
is Figure 1.5c, which could be distinguished by conduction band tail (CBT) states and valence 
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band tail (VBT) states. The former determines the electrical performance of TFT device, whereas 
the latter influences the stability with respect to electrical stress. The calculated subgap density of 
states is shown in Figure 1.5d. The subgap DOS of IGZO varies with oxygen concentration, 
indicating that the oxygen vacancy level (Vo) with an energy level at 1.0-1.5 eV above VBM 
affects the VBT and CBT. However, as shown in Figure 1.5e, the Vo level is below the VBM of 
ZnON, resulting in a smaller VBT near VBM than that of a-IGZO. Thus in the case of ZnON TFTs, 
carriers undergo direct band-to-band generation and recombination because of their smaller band 
gap. It is also suggested that besides nitrogen, other cations having a larger size than oxygen such 
as S2- and Se2- with higher p orbital energy could also elevate the VBM above Vo and deactivate 
oxygen vacancies.[76]  
1.3.3. Deposition methods 
Several different types of metal oxide semiconductors have been reported including ZnO, In2O3, 
IZO, IGZO, SnO, and CuOx. Also, there are several widely used methods for the phase formation 
of the metal oxide semiconductors from the vapor phase or solution phase, such as thermal 
evaporation,[77] atomic layer deposition,[78] sputtering,[79] and sol-gel method.[80] Of course, all 
methods have their own advantages and scientific importance. However, here, we only cover two 
most popular methods, sputtering as a representative of vapor to solid phase transformation and 
sol-gel method as a representative of liquid to solid phase transformation. We believe that it would 
be helpful to understand brief concepts of phase formation of metal oxide semiconductors. 
Sputtering is one of the most common tools to deposit metal oxide materials. The most popular 
one is magnetron sputtering. Sputter deposition utilizes the momentum exchange between target 
atoms and ions by collisions. For that process, an ionized gas known as a plasma is generated by 
applying a voltage to electrodes. The applied electrical potential accelerates electrons, which 
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induces collision between electrons and neutral gas. This collision eventually ionizes the neutral 
gas and starts to increase the number of charge carriers. The resulting electrons are then ionized 
again and the process repeats. Eventually, the incident ion so-called ion bombardment covers the 
whole cathode surface, which leads to collision cascades in the target. During the collision 
cascades, atoms start to eject when the energy induced by the collision is greater than the surface 
binding energy. This process is called sputtering.[81] That is, sputtering is the process in which ion 
bombardment with higher kinetic energy ejects atoms from a solid material. The sputtering has 
several advantages as follows: (1) Phase transformation happens near room temperature, which 
minimizes thermal effect in phase formation, (2) and, thus, it is possible to directly deposit 
materials on soft materials. (3) In addition, since O2 pressure can be inserted, carrier concentration 
and composition are easily controllable. Due to these kinds of advantages, sputtering for metal 
oxide materials is widely utilized in the industry. 
Many kinds of metal oxides have been prepared based on sol-gel processing, such as In2O3, ZnO, 
IZO, IGZO, zinc tin oxide (ZTO), and indium gallium oxide (IGO). Sol-gel chemistry is a process 
to synthesize materials through a phase transformation from liquid precursors to a sol, which is 
known as a colloidal suspension and eventually to a gel, which is a network structure. In more 
detail, the main step for sol-gel chemistry starts with the synthesis of the sol from hydrolysis and 
condensation alkoxides after preparing the precursor. Next, it forms the gel by polycondensation 
to produce metal-oxo-metal or metal-hydroxy-metal bonds. Aging step is followed with shrinking 
the gel network and expulsion of solvent. The last step is a drying the gel to create a dense xerogel 
or aerogel. The gel can be generally classified into five different types, colloidal, metal-oxane 
polymer, metal complex, polymerizable complex and crosslinking polymers. In the case of metal 
oxide materials, metal salts are dissolved in a solvent first to prepare precursor solutions and they 
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go through hydrolysis forming hydroxides. It transforms to colloidal solutions, so-called sol, and 
finally converted to metal oxide networks consisting of liquid and solid phases together, so-called 
gel.[82] There are several advantages of sol-gel chemistry. It ensures desired stoichiometry of 
reagents, which eventually produces complex materials. In addition, it has good control over 
particle size and morphology. Cost effectiveness is regarded as one of the most attractive points in 
the sol-gel process. Several different deposition methods using sol-gel chemistry have been 
introduced. Usually, they are different in terms of how sol-gel solution is deposited, such as spin 
coating, spray coating, and printing.[83] 
Typically, vacuum-processed oxide TFT have shown superior electrical performance at the low-
temperature process so most research has been focused on improving mobility or reliability. On 
the other hand, printable oxide TFT requires developing new chemistry and processing approaches 
due to complicated chemical evolution and required high-temperature processing for high 
performances. In particular, both high-temperature annealing and relatively low mobility have 
been big challenge issues that many researchers have tried to overcome using various methods, 
including new chemical synthesis, structure engineering, and post-treatment.[22, 23, 25-28, 84, 85] We 
will address representative research results on these topics in terms of chemistry, structure, and 
post-treatment approaches of metal oxide formation. 
1.3.4. Interface engineering of oxide TFTs 
Solution-processed metal oxide semiconductors normally have poorer quality than those of 
vacuum-processed due to low film density with many defects and organic impurities due to 
incomplete metal oxide formation.[25, 27, 86] To overcome these issues, multi-stacked metal oxide 
films using a multi-coating process were proposed. Rim et al. proposed ultrathin and highly 
conductive layer (InSnZnO, ITZO) with high film density confined with different energy level of 
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low-conductivity metal oxide (InGaZnO, IGZO) (Figure 1.6a).[86] TFTs with ITZO channel 
showed low on/off ratio and a large negative VT shift. On the other hand, the on/off ratio and VT 
of IGZO-ITZO double-layer structure were pretty decent. Accumulated carriers could move 
without interrupting the interface between ITZO and SiO2 dielectric and devices had small 
hysteresis, S.S, and high field-effect mobility. Meanwhile, different conduction band energy level 
between ITZO and IGZO effectively suppressed off-current and adjusted VT. The field-effect 
mobility and on/off ratio of ITZO-IGZO TFTs had over 20 cm2 V-1 s-1 and over 107 compared with 
only IGZO TFTs (below 2 cm2 V-1 s-1 and 106). Kim et al. also proposed multi-stacked IGZO TFTs 
using multi-coating process (Figure 1.6b).[87] The porosities of the sublayers were reduced by 
filling with IGZO solutions, field-effect mobility and bias stability were enhanced as well. Zan et 
al. proposed nanodot doping structures that increased the effective electron mobility (Figure 
1.6c).[88] The nanoporous region of a-IGZO films was converted to a high conductive area with 
large oxygen deficiencies by Ar plasma treatment. The nanoporous region reduced the effective 
channel length and lowers the potential barrier of a-IGZO. Maximum effective mobility reached 
up to 79 cm2 V-1 s-1. Lie et al. proposed a hybrid structure of single-walled carbon nanotube 
(SWNT) embedded with printed IZO for high mobility and flexibility (Figure 1.6d).[89] In hybrid 
structures, SWNTs provided fast tracks for carrier transport to significantly improve the apparent 
field-effect mobility. SWNTs also provided excellent mechanical flexibility with over 300 times 
of the bending test. Typically, inorganic materials degrade easily during the bending test. However, 
SWNTs compensated mechanical instability of IZO films and the bendability is even comparable 
with the organic TFTs.[90] 
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Figure 1.6 (a) ITZO-IGZO TFTs. Different conduction band position between ITZO and IGZO 
contributes the effect flow control of electrons. ITZO-IGZO TFTs showed high field-effect 
mobility 22.16 cm2 V-1 s-1 compared with only IGZO TFTs (1.56 cm2 V-1 s-1).[86] Reproduced with 
permission.[86] (b) Multi-stacked IGZO TFTs.[87] Low concentrated IGZO solutions are multi-
coated to improve film density and reduce the defects. The reliability and mobility od devices are 
improved. Reproduced with permission.[87] (c) Nanometer dot doped a-IGZO TFTs.[88] The 
nanodot doping reduces the effective channel length and lowers the potential barrier in a-IGZO by 
high conductive regions. The effective mobility reaches 79 cm2 V-1 s-1. Reproduced with 
permission.[88] (d) IZO/SWNTs hybrid structure-based TFTs.[89] High conductive SWNTs provide 
fast track for charged carrier transport and increase the field-effect mobility. SWNTs embedded 
IZO TFTs have also excellent mechanical flexibility. Reproduced with permission.[89] 
Not only is interface engineering of printed oxide TFT essential to improving the device 
performances, complicated processing steps and reproducibility of the devices are important issues 
as well. Thus, the precise control of device fabrication should be addressed to overcome these 
issues.  
Low-temperature processing of printed metal oxide semiconductors: In the case of incomplete 
decomposition of metal salt precursors, the impurities or hydroxide frameworks critically 
influence the device performance. Thus, the formation of high-purity metal oxide films requires 
annealing devices at high temperature (over 400oC) to eliminate impurities.[85, 91-93] Reducing 
annealing temperature is still a challenging issue and new chemical routes have been proposed, 
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such as aqueous precursors without organic substances,[23, 25] redox chemistry,[28] combustion 
reaction,[27] deep ultraviolet reaction,[26] and alkoxide precursors.[93] Rim et al. studied the 
comparison of different metal salt precursors in water. The low dissociation energy of hexaaqua 
indium (III) and aluminum (III) complexes enabled high-quality metal oxide films produced at a 
low processing temperature of 250oC (Figure 1.7a).[23] Al2O3 films had higher breakdown voltage 
and stable capacitance under high-frequency operation compared to organic solvent-based Al2O3 
films. This approach could exclude organic impurities due to the usage of water solvent. Also, 
high-quality In2O3-based TFTs had high saturation mobility and on/off ratio of over 35 cm
2 V-1 s-
1 and 107. Chen et al. proposed the redox chemistry based on metal chloride precursor (Figure 
1.7b).[28] Although chloride-based metal precursors are widely used due to cheap and easy 
synthesis, chlorine impurity remains even at 400oC. To overcome this issue, perchloric acid as an 
additive was proposed to remove excess chlorine species. The effective elimination of the chlorine 
impurity using perchloric acid during the annealing allowed low-temperature processing with the 
high electrical performance of the In2O3 TFTs. Kim et al. proposed photochemical activation of 
metal oxide sol-gel films by inducing deep-ultraviolet (DUV) irradiation at room temperature 
(Figure 1.7c).[26] Two main emission peaks of DUV at 253.7 and 184.9 nm provided facile 
photochemical activation of metal salt precursors. The optical transmittance and bandgap of DUV-
treated IGZO films were similar with thermal-annealed films (350oC). Furthermore, DUV-treated 
IGZO TFTs showed the field-effect mobility of 7 – 14 cm2 V-1 s-1 on flexible substrates. Authors 
also demonstrated seven-stage ring oscillators with operating frequency over 340 kHz and less 
than 210 nanoseconds per stage. Although the DUV increased the substrate temperature to ~150oC 
during the annealing process, this technique is highly desirable for use in simple facilities to 
perform low-temperature processing. Kim et al. reported new chemical route of the combustion 
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reaction in metal oxide formation via a solution process (Figure 1.7d).[27] The combined reaction 
of metal precursors, fuel (acetylacetone or urea), and oxidizer (NO3
-) remarkably reduced the 
activation energy of the decomposition and oxidation of metal oxide sol-gel films. This route 
enabled reduction of annealing temperature from 400 to 200oC.[27] 
 
Figure 1.7 (a) Hexaaqua metal complexes-based oxide TFTs.[23] In(NO3)3 precursor is easily 
decomposed at low temperature and forms high-quality metal oxide films. Reproduced with 
permission.[23] (b) Redox reaction-based oxide TFTs at low temperature.[28] Perchloric acid 
removes excess chlorine species during the annealing process and form low-impurity metal oxide 
films. Reproduced with permission.[28] (c) Photochemical reaction based metal oxide film 
formation at room temperature.[26] DUV induces efficient condensation and densification of metal 
oxide films by photochemical activation at low temperature. Reproduced with permission.[26] (d) 
Combustion reaction of metal oxide precusors with fuel and oxidizer additives for low temperature 
processing.[27] Strong exothermic reaction of the metal oxide formation was occurred and the TFTs 
was operated at as low as 200oC. Reproduced with permission.[27] 
Post-treatment of printed metal oxide semiconductors: Post-treatment techniques of printed metal 
oxide films yield better device performances and lower the processing temperature. Although 
additional facilities are required, post-treatment eliminates defect states and improve the 
performance and reproducibility of oxide semiconductor fabrication. Various methods have been 
proposed to realize high-quality metal oxide films, such as high-pressure annealing, laser 
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annealing, microwave, and water-mediated DUV post annealing process.[22, 84, 85, 94] Rim et al. 
reported a high-pressure annealing process of solution-processed metal oxide films (Figure 
1.8a).[22] High-pressurized films showed high density and strong oxidation of metal oxide films 
without low organic impurities. This method also enabled production of thin films at low 
temperature (~220oC) even with conventional metal salt precursors. Yang et al. proposed laser 
sintering process for the metal oxide semiconductors (Figure 1.8b).[94] The authors used IGZO 
nanoparticles as the starting material suspended in water and annealed the film at a low temperature 
(95oC). The laser beam can focus on a specific position on the substrate and provide high energy 
for a very short period of time. Pre-baked IGZO nanoparticle films were exposed under Quantel 
Q-switched frequency-tripled Nd:YAG laser (λ = 355 nm) resulting in decreased grain boundaries 
and continuous films. Laser-annealed IGZO TFTs demonstrated field-effect mobilities of 
approximately 7 cm2 V-1 s-1. Jun et al. reported microwave-assisted annealing of solution-
processed ZnO TFTs (Figure 1.8c).[85] The authors claimed that microwave irradiation was related 
to the absorption energy of polar molecules by the dielectric loss so that water entrapped sol-gel 
films could be heated up rapidly.[85, 95] Based on this concept, the authors performed the microwave 
annealing of ZnO films at 140oC for 30 min and the device exhibited device performance with a 
field-effect mobility and on/off ratio of 1.75 cm2 V-1 s-1 and 107, respectively. This device 
performed better than the hotplate-annealed devices (0.32 cm2 V-1 s-1 and 106). Heo et al. proposed 
new sequential post-processing of the DUV and water meditation method (Figure 1.8d).[84] DUV-
treated IGZO films had many oxygen vacancies and showed poor device stability. The authors 
inserted water treatment of DUV-treated IGZO films followed by films irradiated by DUV, 
sequentially. This method effectively reduced oxygen vacancies by subsequent hydroxide 
formation but this stage showed poor electrical properties. Second DUV treatment recovered the 
24 
 
electrical properties of IGZO TFTs by reducing oxygen vacancies.[84] All processes were 
performed below 150oC and are highly promising techniques for low temperature and low-cost 
processing methods. 
 
Figure 1.8 (a) High-pressure annealing of metal oxide films at low temperature.[22] High-pressure 
annealing induces densification and oxidation at low temperature. Reproduced with permission.[22] 
(b) Laser-annealed IGZO TFTs.[94] Laser annealing improves the crystallinity of the films and the 
field-effect mobility are more than five times higher than those of unirradiated TFTs. Reproduced 
with permission.[94] (c) Microwave annealing of metal oxide TFTs at low temperature.[85] .                                                           
Microwave annealing leads to enhanced mobility at 140oC for annealing time of 3 min. 
Reproduced with permission.[85] (d) Water-mediated photochemical treatment of oxide TFTs at 
low temperature.[84] DUV irradiation on the water-treated devices enables metal−oxygen−metal 
lattice formation with low oxygen vacancies. Reproduced with permission.[84] 
1.4. Transistor-based biosensor 
1.4.1. Biosensing principle 
Biosensors in general: Biosensors represent functional hybrid systems, generally combining two 
basic components connected in series, namely a biological (molecular) recognition system and a 
bio-transducer. The recognition system is often called the bioreceptor, because in the natural 
chemical senses, a chemoreceptive cell performs the recognition phenomenon. The biosensor is 
usually constructed by attaching a biologically sensitive material to a suitable transducing system. 
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Different types of biologically sensitive materials of various complexity can be applied as 
recognition elements, including either biological molecular species [(e.g., enzymes, multienzyme 
systems, antibodies, antigens, proteins, or nucleic acids] or living biological systems (e.g., cells, 
plants, tissue slices, intact organs, or whole organisms), which utilize biochemical mechanisms for 
recognition. The overall biological recognition system translates the information from the 
biochemical domain, typically an analyte concentration, into a chemical or physical signal 
biochemical response. Because of the specific molecular interaction, there is a change in one or 
more physio-chemical parameters. This change may produce ions, electrons, gasses, heat or light, 
etc. Then, these quantities are converted into a quantifiable signal—mostly to an electrical signal—
by the transducer part, amplified, processed, and displayed in a suitable form (Figure 1.9).[96] 
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Figure 1.9 Schematic set-up and functional principle of a biosensor, consisting of receptor, 
transducer, and signal processing. Reproduced with permission.[96] 
 
Transistor-based biosensor principle: For several decades, much attention has been paid to 
transistor-based biosensors (Bio-FETs) in the field of bioanalytical applications due to their 
favorable characteristics, which include sensitivity, speed, miniaturization, and low cost.[97] This 
interest is evident in the numerous studies that have monitored biological events such as nucleic 
acid hybridizations, protein-protein interactions, antigen-antibody binding, and enzyme-substrate 
reactions. Thus, the combination of knowledge in bio- and electrochemistry, solid-state and surface 
27 
 
physics, bioengineering, integrated circuit technology and data processing offers the possibility of 
a new generation of highly specific, sensitive, selective, and reliable biosensors and sensor arrays. 
People usually construct bottom-gate (inverted) staggered FET and decorated the back channel to 
achieve gating effect. To evaluate the performance of the Bio-FET, it makes sense to first 
understand the general principles behind the operation of the potentiometric sensor. Like planar 
FETs, the conductance of a Bio-FET can be controlled by variations in the charge density or 
electric potential at the channel region, as the electric ﬁeld resulting from the binding of a charged 
molecule to the oxide surface is analogous to applying a voltage via a gate electrode. In an n-type 
oxide TFT functionalized with surface receptors that can speciﬁcally capture 
chemical/biomolecule targets, binding of molecules with negative charges (like applying a 
negative gate voltage) leads to depletion of electrons and a corresponding decrease in conductance 
(Figure 1.10). However, binding of molecules with positive charges (like applying a positive gate 
voltage) will accumulate electrons and subsequently increase the conductance. The dependence of 
the channel conductance on gate voltage makes Bio-FETs good candidates for electrical biosensors 
because the electric field generating from the binding of a charged biomolecule to the gate is 
analogous to applying a voltage to a gate. In general, the drain current of the FET-type biosensor 
can be described using Equations 1 and 2, while in Bio-FET, VT is defined below: 
𝑉𝑇 = 𝐸𝑟𝑒𝑓 −Ψ+ 𝜒
𝑠𝑜𝑙 −
Φ𝑠
𝑞
−
𝑄𝑡
𝐶𝑜𝑥
                                                                                                (3) 
where Eref is the reference electrode potential, χsol is the surface dipole potential of the solvent, Фs 
is the channel work function, q is elementary charge, Qt is a combination of background carrier 
concentration of the semiconductor, accumulated charges in the dielectric, and interface trap 
charges. In the case where gate and drain voltages are fixed, the only variable term in the equation 
is Ψ, which is a function of physical and chemical changes at the surface of the oxide. Thus, 
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monitoring changes via the change in VT is an effective way of sensing changes at the dielectric 
electrolyte interface. [98] 
 
Figure 1.10 Structure and operation schematic of a Bio-FET. Reproduced with permission.[98] 
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1.4.2. Performance limitations 
Performance metrics: Several performance metrics are taken into considerations when 
benchmarking Bio-FET performance. Among them, sensitivity and signal-to-noise ratio (SNR) are 
most important. In Bio-FET, sensitivity isdefined as the relative change in the sensing signal 
∆𝐼𝐷 𝐼𝐷⁄  in response to a unit change in the surface potential (∆𝑉𝐺 = 1.0 𝑉). Hence, sensitivity can 
be written as[99] 
∆𝐼𝐷 𝐼𝐷⁄ (𝑉𝑜𝑙𝑡
−1) =
𝑔𝑚×∆𝑉𝐺
𝐼𝐷
=
𝑔𝑚
𝐼𝐷
,                                                                                           (4) 
Where gm is the transconductance of the transistor. 
SNR is another important performance metric for sensors since it provides an estimate of the 
detection limit. SNR for a Bio-FET can be written as 
SNR = ∆𝑉𝐺×𝑔𝑚 √𝐵𝑊×𝑆𝐼(𝑓 = 1𝐻𝑧)⁄ ,                                                                               (5) 
Where 𝑆𝐼(𝑓 = 1𝐻𝑧) is the drain current noise power density at 1Hz, and BW = ln (𝑓2 𝑓1)⁄  for low 
frequency cutoff f1 and high frequency cutoff f2 in the measurement bandwidth. 
Not every literature reported so far has conducted comprehensive analyses. For fair comparison, 
we will compare gm for various Bio-FET platforms, which is the most important parameters in the 
aforementioned two performance metrics, and include on/off current ratio to reflect the ability to 
modulate the current over a wide sensing window. 
Oxide-TFT-based Bio-FETs have pretty competitive figure-of-merits when compared with various 
types of Bio-FETs using other types of channel materials (Table 1.2). The improved TFT 
performance compared with organic electro-chemical transistors (OECTs) using the same type of 
aqueous salt solutions as a dielectric medium is attributed to higher carrier mobilities of the AOS 
and the absence of ion-mediated electrochemical reactions at the water-metal oxide interface. In 
OECT, the ion penetration into the channel layer plays an important role in channel current 
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modulation as well as high leakage current.[100] On the other hand, 2D semiconductors have  little 
or no bandgap (graphene), and shows very little current modulation.[101] 
Table 1.2 Comparison of the TFT parameters of TFT operated in aqueous solutions. 
Channel 
Materials 
VG 
(V) 
VD 
(V) 
gm/W 
(S/m) 
On/Off 
IGZO[100] 0.5 0.5 5.75 108 
Graphene[102] 1.0 0.1 10.5 <10 
P3HT[103] 0.5 0.5 0.002 104 
PEDOT:PSS[104] 1.0 0.6 200 105 
 
Stability and calibration: One critical challenge towards the commercialization of Bio-FET 
technology is operational stability, or signal drifting effect (change of drain current with 
measurement time under a fixed bias). In fact, in repeated detections of the analyte, the measured 
drain current (ID) increases or decreases, which prevents accurate detection. In the ideal case, after 
the chemical equilibrium is reached at the semiconductor-bio interface, the semiconductor surface 
potential is fixed, as well as sensing current. In reality, however, due to the nature of oxide 
semiconductors and Bio-FET structure, drift effect may be due to one or more of following causes: 
electric field enhanced ion/electron migration across the semiconductor-liquid interface, slow 
surface effects, charge trapping and chemical corrosion.[105] 
First of all, oxide semiconductors do not have excellent chemical resistance to strong acids or bases 
and chemical corrosion can destroy the channel even without an electric field.[106] N. Aroonyadet 
et al demonstrated that indium oxide Bio-FET without any protection can preserve 70% of the 
initial current after 80 days in physiological environment and can remain stable after 4 months, 
which makes oxide TFT based Bio-FET a promising candidate for in vivo and in vitro 
applications.[107] A possible solution to further improve the chemical resistance is using aluminum 
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oxide dielectric, which has been adapted by silicon-based Bio-FETs.[108] Yet, the stability under 
electric field need to be demonstrated as well as minimizing the interface states via interface 
engineering to preserve the high sensitivity.  
Although oxide semiconductors are impermeable to ions existing in the electrolyte[109] and no 
faradic peaks in cyclic voltammograms within the ±0.5 V[100], inappropriate gate and drain bias 
can cause ion in-diffusion into the semiconductor layers and leads to electrochemical doping 
effect.[110] Furthermore, like oxide TFTs, oxide-semiconductor-based Bio-FETs also have charge 
trapping related VT instabilities as well as hot carrier induced defect generation, which can be 
eliminated by improving the semiconductor-dielectric interface and minimizing density of states 
in the oxide semiconductor.[65, 111, 112] 
To overcome the stability issue, designing a sensing scheme with calibration protocol is a must. 
Device characterizations utilizing back gate in dry environment, as well as top gate in aqueous 
environment are helpful throughout the device fabrication and each functionalization step to 
monitor the device parameters such as VT, subthreshold voltage swing (SS), and transconductance 
(gm) (Figure 1.11). The VT change tells us the surface coverage of the functioning molecule and 
SS and gm maximum are expected to keep the same unless the functionalization step brings in new 
defects at the semiconductor-dielectric interface or causes the corrosion of the channel. These 
characterizations help us to control the process and leads to better uniformity of the Bio-FET. 
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Figure 1.11 Feedback loops for designing better biosensors. Reproduced with permission.[113] 
Copyright 2009, American Chemical Society. 
 
In spite the process control in device fabrication and surface decoration, the performance metrics 
of each Bio-FET cannot be the same, precisely. There are some protocols we can adapt to suppress 
the device-to-device variation and facilitate the application of multiplexed sensor arrays and the 
mass production of Bio-FETs. Per the sensing mechanism and operation protocol mentioned above, 
the calibration can be separated into two parts: 1. Sensitivity: the slope in Langmuir isotherm plots; 
2. Baseline response: a data point in optimum sensing range. These terminologies translate into 
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the variation in conductance, threshold voltage, and transconductance of a transistor, and can be 
obtained via measuring transfer curves at different analyte concentrations. 
F. N. Ishikawa et al[113] proposed a calibration method by dividing the absolute sensing response 
to the transconductance of the Bio-FET when measuring in the linear region. However, such 
approach gives up the intrinsic amplification of Bio-FETs and the accuracy can be affected by the 
noisy transconductance curves extracted. 
1.4.3. Device design and sensing scheme 
Ultrathin, uniform channel oxide semiconductors have been highly sought after as it is easier to 
deplete carriers in the channel with thickness within the Debye length of oxide semiconductor (~20 
nm).[107] New processes such as solution process,[80, 114] spatial atomic layer deposition[115] have 
been developed, enabling precise control of thin film thickness, and can potentially lead to Bio-
FETs with higher sensitivity. 
Researchers have explored various kinds of gate control. Historically, the direct adsorption of 
biomolecules on the back channel of TFT has been explored and the changes of transistor 
characteristics are observed after dropping the sample solution on the back channel and drying the 
solvent. Due to chemical gating effect (i.e. donating or extracting electrons from the channel),[116-
120] trap states generation and parasitic transistors phenomena are observed, which is similar with 
back channel gas adsorption phenomenon. In such case the variations in electrical parameters are 
complicated and make the quantitative analysis difficult (Figure 1.12a). In this section, we will 
focus on electrostatic gating effect caused by the charged analyte perturbing the transistor channel 
surface potential, which is usually referred to as ISFET or electrolyte-gated FET (EGFET) in 
different contexts. On the other hand, extended-gate FET separates electrical component and 
sensing surface, allowing replacement of sensing surface and preventing the electrical degradation 
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from ions and liquids (Figure 1.12b), with more liberty to design highly-sensitive sensing surface 
(Figure 1.12d).[121] Another device structure attracting attention is dual-gate Bio-FET.[122-124] 
Capacitive coupling of the top gate and bottom gate enables ISFET with pH sensitivity exceeding 
Nernst Limit (Figure 1.12c). Furthermore, proper biasing of the bottom gate can reduce the top 
liquid gate biasing in real-time sensing, which improves the chemical stability of semiconductor-
bio interface. However, such device structure introduces another gate and a poor-quality dielectric 
will introduce new defects and affect the signal noise. 
 
Figure 1.12 Schematic of various device designs and sensing schemes (a) back channel sensing 
mechanism. Biochemical moieties adsorbed on the back channel create trap states, which influence 
the charge transport in the channel. Reproduced with permission.[125] (b) Electrolyte-gated FET 
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(EGFET) sensing scheme, where sensing surface is separated from the device. Reproduced with 
permission.[126] (c) Dual-gate device structure, where the capacitive coupling of the front and 
bottom gate changes the apparent pH sensitivity. Reproduced with permission.[127] (d) EGFET with 
nanostructure sensing surface, providing better sensitivity. Reproduced with permission.[121] 
1.4.4. Surface functionalization and biosensing applications 
Besides sensing environment, channel structure, and operation mode, surface functionalization of 
the FET biosensor gate insulator or channel nanostructure with organic molecules is another 
important parameter in biosensor design. The organic layer formed by surface functionalization 
gives the Bio-FET both sensitivity and specificity to analyte detection. Before analyte receptors or 
enzymes are bound at the gate or channel, the surface is usually functionalized with linker 
molecules that provide binding sites for the receptors and form an organic interface at the device 
surface that protects receptors from degradation. The functionalization layer may chemically 
passivate the sensor surface by inhibiting reactions, such as oxidation, or electrically passivate the 
surface by decreasing surfaces charges present at sensor surface atoms. Additionally, tightly 
packed monolayers of linker molecules decrease the interaction of ions or nonspecific analytes 
with the sensor surface.[98, 128] 
For oxide surfaces with hydroxide terminating groups, covalent modification through silane 
chemistry has been the most common technique (Figure 1.13a). Also, the reaction between oxide 
semiconductor and 3-phosphonopropionic acid binds the phosphonic acid to the oxide surface with 
the COOH groups available for further reaction (Figure 1.13b). Examples will be provided in the 
following sections to reflect the efforts to sense various kinds of biomolecules. 
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Figure 1.13 Chemical pathways used to anchor biological molecules to oxide surfaces. (a) Surface 
of an oxide reacts with alkoxysilane derivatives, such as APTMS (i) providing an aldheyde-
terminated surface. Biomolecules can then be covalent immobilized to these aldheyde groups via 
a coupling reaction (ii). (b) Phosphonate derivatives such as 3-PPA can be immobilized to an oxide 
surface by simple deposition from aqueous solutions. Biomolecules can be attached upon 
activation of the carboxylic residue with coupling reagents such as N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide (EDC)/N-hydroxysuccinimide (NHS) (iii). Reproduced with permission.[129] 
 
Direct electrostatic sensing: In this case, receptor molecules are decorated on the oxide surface 
and the specific binding between receptors and analytes brings charged molecules at the proximity 
of the sensing surface and changes the surface potential as well as the transistor characteristics. A 
conventional Langmuir isotherm model can be used to estimate the binding constant between 
analyte and charged molecules in the sensing environment and to calibrate the relationship between 
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analyte concentration and the response (change of VT in Bio-FETs). Biomarkers,
[130, 131] [132] 
nucleic acid sensing,[133] neurontransmitters,[114] and proteins[121, 134] detection with direct 
electrostatic sensing method have been demonstrated. 
Enzyme amplification: Direct electrical detection of biomolecules in their physiological 
environment is often impeded by Debye screening from the high salt concentration in the sample 
solution. A potential solution is utilizing enzyme-substrate reaction and convert the direct sensing 
of the substrate into the sensing of enzyme reaction byproduct, which is usually hydrogen ions 
insensitive to Debye length.[80, 135] The protonation and deprotonation of the sensing terminating 
group change the surface potential and threshold voltage of Bio-FET, in a similar way as in direct 
electrostatic sensing. Combining oxide TFT based Bio-FETs with amplification from electronic 
enzyme-linked immunosorbent assay (ELISA) provides more freedom in the design of antifouling 
sensing scheme.[107] However, the sensing environment is usually buffer solution such as 
phosphate-buffered saline (PBS) and artificial cerebrospinal fluid (ACSF) and will compromise 
the sensitivity of hydrogen ion sensing.  
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2. Direct light patterning of oxide semiconductors 
2.1. Introduction 
Solution processing of inorganic electronic devices, including ink-jet, screen printing, spray 
coating, and spin coating,[19, 136, 137] has been recognized as potential substitutes for traditional 
vacuum methods due to the low cost of non-vacuum facilities. Recently, solution processed 
amorphous metal-oxide semiconductors (AOSs) have attracted attention because of their unique 
structure and properties including, optical transparency, high electron mobility, flexibility, and 
good air stability.[10, 65]  
Despite these advantages, the low electrical performance and high temperature processing (> 
500°C) of solution-processed AOSs devices are the biggest obstacles to their success,[22, 65, 138-140] 
as high-temperature processing is not suitable for flexible, conformal, smart skin, and roll up 
electronics.[141, 142] Although ink-jet printing of ΩAOSs has been receiving attention for low-cost 
selective deposition, it still faces several problems, such as controllability of the shape, size, 
uniformity, and thickness of the deposited films. To overcome this obstacle on solution-processed 
AOSs, photo-induced selective patterning technique of oxide films were reported to give a function 
in oxide formation.[143, 144] These works explored the approach to the photoreaction under the range 
of UVA (mainly 365 nm) to form the crosslinking of metal chelate for the selectivity in the 
leaching solvent. This process could only give an opportunity of patterning ability in metal oxide 
solutions due to the low energy supporting of UVA region. One approach explained low-
temperature processing was possible. However, this effect was explained by the combustible 
reaction between fuels and oxidizers.[143] Besides, the study of various oxide groups has not been 
done for all oxide-based devices via multi-step integration with ideal pattern-mask systems.  
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Here, we report a direct light pattern (DLP) integration of functional metal oxide films including 
conductor, semiconductor, and insulator to achieve large-scale circuit integration through the deep 
ultraviolet (DUV) processing. Our DUV system contains UVC ranges (184.9 nm (10%) and 253.7 
nm (90%)), which produces higher energy to contribute to photoreactions. Energy absorbed by our 
specially designed chemical structures could promote metal oxide formation[138] and patterning, 
simultaneously. The proposed technique (Figure 2.1) can dramatically reduce the processing steps 
of device integration and avoid toxic and high-cost chemicals, such as photoresist, developer, 
remover, and etchant, as would be used in traditional photolithography. Additionally, delicately 
designed metal oxide precursors exhibit strong exothermic reactions at 163.5 °C by the combustion 
process between our additive and metal-nitrate precursors.[139, 145] Interestingly, this reaction could 
be initiated by DUV irradiation so that high-quality metal oxide could be achieved at low 
temperature compared with traditional precursor system. For these abilities, we successfully 
proved the origin of simultaneous photo-patterning and combustible formation of insulator, 
semiconductor, and conductor materials, with which we demonstrated all-oxide based transparent 
transistors. With the optimized DLP process, indium-gallium-zinc-oxide (DLP-IGZO) thin-film 
transistors (TFTs) with a high mobility of over 15 cm2 V-1 s-1 were achieved. Additionally, DLP-
based tin-doped indium oxide (ITO) and aluminum oxide (Al2O3) as transparent conductor and 
insulator films had excellent electrical properties, confirming the universality of the DLP process 
in metal oxide systems. Based on the integration of ITO (electrodes), Al2O3 (dielectric), and IGZO 
(semiconductor), we demonstrated the first TFT formed entirely from DLP process with a high 
mobility of 84.4 cm2 V-1 s-1 at a low driving voltage (1.0 V). 
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Figure 2.1 Schematic of Direct Light Patterning and film formation using chemically modified 
metal salt precursors. (a) DLP-IGZO, Al2O3, and ITO solutions are spin-coated on desired 
substrates (b) Exposure of soft-baked (100°C) samples with a quartz mask under DUV. (c) Dipping 
samples in MeOH with acetic acid, leaving only DUV-exposed regions. (d) Patterned films are 
annealed at desired temperatures. 
2.2. Experimental details 
Solution synthesis of DLP-inorganic oxide solution: The 0.1 M DLP-IGZO solution was 
synthesized by dissolving 225.6 mg of indium nitrate hydrate (In(NO3)3∙xH2O, Aldrich, 99.999%), 
21.3 mg of gallium nitrate hydrate (Ga(NO3)3∙xH2O, Aldrich, 99.999%), and 31.5 mg of zinc 
nitrate hydrate (Zn(NO3)2∙xH2O, Aldrich, 99.999%) in 10 mL of 2-methoxyethanol (2ME, Aldrich, 
99%). Then, 20-200 L of acetylacetone (AcAc, Aldrich, 99%) and 7-70 L of ammonium 
hydroxide (aq) (NH4OH, 28.0% NH3 in water, Aldrich, 99.99%) were added in IGZO solutions. 
The total mole ratio was 9:1:2 of In, Ga, and Zn. After stirring vigorously for 24 h at room 
temperature, the solutions appeared light yellow transparent and homogeneous. The 0.2 M Al2O3 
solution was synthesized by dissolving 750 mg of aluminum nitrate nonahydrate (Al(NO3)3∙9H2O, 
Aldrich, 99.997%) in 10 mL of 2-methoxyethanol (2ME, Aldrich, 99%). The 0.5 M ITO solution 
was synthesized by dissolving 1.35 g of indium nitrate hydrate (In(NO3)3∙xH2O, Aldrich, 99.999%) 
and 94.8 mg of tin chloride (SnCl2, Aldrich, 99.99%) in 10 mL of 2-methoxyethanol (2ME, 
Aldrich, 99%). Total mole ratio of ITO was 9:1 of In and Sn. Then, 100 L of acetylacetone (aq) 
(AcAc, Aldrich, 99%) and 35 L of ammonium hydroxide (aq) (NH4OH, 28.0% NH3 in water, 
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Aldrich, 99.99%) were added in solutions. All solutions were filtered through a 0.2 μm PTFE 
syringe filter, GE (Trevose, PA, USA).  
Direct light patterning technique: The DLP-IGZO, Al2O3, and ITO solutions were spin coated on 
the substrate at 3000 rpm for 30 s. Spin-coated substrates were pre-baked at 100°C for 1 min, and 
then samples were exposed to DUV  (184.9 nm (10%) and 253.7 nm (90%)) irradiation through a 
quartz mask for 10 min in air. After samples were exposed to DUV, they were put in a 20 mL 
methanol (CH4O) + 1 mL acetic acid (CH3COOH) solution for 5 sec at room temperature, and 
then, cleaned by DI water.  
Fabrication of devices: The substrates were cleaned in acetone and isopropyl alcohol sequentially. 
No additive and DLP-IGZO solutions were spin-coated on SiO2 (1000Å) / boron doped (p
++)-
doped Si wafers at 3000 rpm for 30 s and patterned via the direct light patterning process. No-
additive IGZO film was same conditions compared to DLP-IGZO film including pre-baking and 
DUV exposure. After pre-baked and DUV exposed to no additive-IGZO film was patterned by the 
commercial photolithography process. The samples were then annealed at desired temperatures 
(200 – 350°C) for 3 hrs. The aluminum (Al) source and drain (S/D) electrodes (thickness = 100 
nm) were deposited by thermal evaporation with a quartz mask. The channel region was defined 
with a width (W) of 1000 μm and a length (L) of 200 μm. Detail methods of all-solution-processed 
DLP-IGZO TFTs on polyimide (PI) substrate with Al2O3 gate dielectric and ITO electrodes are 
summarized below: 
1. Polyimide (HD Microsystems, Inc. PI-2545) solution is spin-coated on the glass substrate with 
a spin speed of 2000 rpm 30 sec. Coated sample is prebaked at 140°C for 5 min in air and then, 
is cured at 300°C for 1 hr with a ramp rate of 5°C per minute in inert ambient. After sample 
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annealing, several coating process is performed to get desired thickness. Final film thickness is 
~18 m. 
2. Before the processing of DLP-ITO solution as a gate electrode, SiO2 (200 nm) is deposited by 
PECVD to form the smooth surface and increase wettability. DLP-ITO solution is spin-coated 
on SiO2/PI/Glass substrate with 1500 rpm for 30 sec. Spin-coated substrates were pre-baked at 
100°C for 1 min, and then samples were exposed to DUV (184.9 nm (10%) and 253.7 nm (90%)) 
irradiation, while hard contacting the shadow or quartz mask for 10 min in air. After samples 
were exposed to DUV, they were put in 20 ml methanol (CH4O) + 1 ml acetic acid (CH3COOH) 
solution for 5 sec at room temperature, and then, samples were cleaned by DI water. Patterned 
ITO based substrate is annealed at 350°C for 3 hr in inert ambient. After sample annealing, 
repeat coating twice to get desired thickness ~50 nm. 
3. DLP-Al2O3 as a gate dielectric is spin-coated on ITO/PI/SiO2/PI/Glass substrate with 3000 rpm 
for 30 sec. Patterning and annealing processing of ITO and Al2O3 is same. After a sample is 
final annealed, ten coatings are repeatedly performed for desired thickness. Final film thickness 
is ~150 nm. 
4. The method of DLP-IGZO as a channel layer is shown in manuscript.  
5. Finally, DLP-ITO as S/D electrodes is performed as before. 
6. All patterning masks are consisted of FeNi36 (Invar). The sample is sandwiched between the 
mask and a magnet to prevent shifting after alignment.  
Film and device characterization. The microstructures and morphologies of the films were 
investigated using digital optical microscopy (VHX-1000), atomic force microscopy 
(DIMENSION 5000 SPM, VEECO) and scanning electron microscopy (Nova 230, FEI). To 
examine different chemical compositions of DLP-IGZO films, we performed x-ray photoelectron 
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spectroscopy (AXIS Ultra DLD, Kratos Analytical). TO explore chemical reaction in DLP-IGZO 
films, we measured transmission by Fourier transform infrared spectroscopy (420 FT-IR 
Spectrophotometer, Jasco). The optical transmittance of the films was determined using an UV-
visible spectrophotometer (Cary 50, Varian). Thermogravimetric analysis and differential thermal 
analysis of the solutions was performed using dried solutions at 50°C in vacuum oven using a TG-
DTA analyzer (SDT Q600, TA Instruments). The electrical characteristics of the devices were 
measured in a dark box in ambient air using an Agilent 4155C semiconductor parameter analyzer. 
TFT measurements were performed by inducing a gate voltage (VGS) of -20 to 40 V and the drain 
voltage (VDS) of 30 V. 
2.3. Chemical evolution during sol-gel process 
Typically, pristine IGZO precursor solution is made by dissolving metal salts in organic solvents 
with a stabilizer to prevent the hydrolysis.[146, 147] In contrast, our precursor has two additives: 
acetylacetone (AcAc) and ammonium hydroxide (NH4OH), which allow for the formation of 
unique complexes and give strong absorption in DUV regions and combustible reaction. To 
confirm the absorption enhancement and formation of DLP solutions, optical analysis was 
conducted and UV-Vis absorption spectra of the DLP-IGZO solution and pristine IGZO solution 
without additives are shown in Figure 2.2c. DLP-IGZO solution exhibited much broader 
absorption in the UV region from 200 to 400 nm than that of no-additive IGZO solution due to π-
π* transition in the chelate ring of AcAc.[148] This change in absorption illustrates that the chelate 
reaction has occurred between metal nitrates and AcAc as presented in Figure 2.2a. Assisted by 
NH4OH, metal ions occupy the position of the hydrogen atoms in the structural formula of AcAc 
to form metal complex and the byproduct NH4NO3.  
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Figure 2.2 . Precursor synthesis, photochemical, and combustion reaction for DLP process of 
IGZO thin films. (a) The chemical structure of a photo-reactive metal organic precursor 
synthesized via complexation (M=In, Ga). The reaction for Zn is shown in Figure 2.3. (b) FT-IR 
spectra of prebaked at 100°C (red), DUV irradiated (after prebaked, yellow) and post annealed 
(blue) DLP-IGZO films. (c) UV-vis absorption spectra, (d) TGA and (e) DTA of No-additive and 
DLP-IGZO precursors. 
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Figure 2.3 The formation of Zn complex via ligand exchanges 
 
The DUV irradiation lead to film solubility change in acetic acid/methanol solution: the gel film 
with good solubility becomes insoluble after the DUV irradiation, indicating that UV irradiation 
induced chemical reaction occurred. It’s noteworthy that generated ozone (O3) plays little role in 
DLP process as the hard contact of the quartz pattering-mask closely with the gel film during 
irradiation. Also, DUV irradiation was performed in N2 ambient can also form the patterns without 
O3 generation, and device shows almost the same performance (Data not shown). The insoluble 
film formation may relate to light induced decomposition of the metal complex and the partial 
formation of polymer. 
To understand the chemical reaction happened during UV irradiation, we performed Fourier 
Transformed Infrared spectroscopy (FT-IR) analysis. As shown in Figure 2.2b, intense peaks 
assignable to AcAc were clearly visible: the peaks at 1766 and 1351 cm-1 were related to C=O 
stretching and CH3 (C=O) in-phase bending, respectively.
[149] After UV irradiation, the peaks 
relating to carbonyl groups diminished strongly. It could be attributed to the presence of photolysis 
in our complex owing to hydroxyl radical formation.[150-152] Hydroxyl radicals may attack the 
unsaturated bond and causes the decomposition of chelate structure.[153] Furthermore, the peaks 
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representing NO3
- (833cm-1, 2393cm-1) and NH4
+ (3166 cm-1) also disappeared under UV 
irradiation. The role of NH4OH is two-fold in the precursor: first, it assists the chelate formation. 
Second, the byproduct of chelate formation, NH4NO3 acts as an oxidizer in combustion.
[154] With 
AcAc as fuel to consume all the available oxygen from NH4NO3, the redox reaction generates 
significant heat,[154] which assist the elimination of organic residues and the formation of metal 
oxide framework. This argument was supported by FT-IR results that C-H bonding (2921 cm-1, 
2853 cm-1 and 1383 cm-1) and C-O bonding (1113 cm-1, 1118 cm-1)[149] reduced slightly after UV 
irradiation, and were fully disappeared after final annealing.  
It’s fascinating to find that in our system, combustion can be initiated by UV light, instead of 
conventional heat, as the temperature of substrate during UV irradiation is only around 70oC 
(confirmed by the thermal couple attached to the substrate). To confirm the strong heat-generation 
related to combustion reaction, we measured the thermo-gravimetric and differential thermal 
analysis (TG-DTA) of DLP and no-additive IGZO precursors. The DLP precursor exhibits 
significantly lower decomposition temperature (T~163.5°C) than the no-additive precursor 
(T~331.9°C) as shown in Figure 2.2d and Figure 2.2e. Unlike no-additive precursor with showing 
a broad peak for oxide lattice formation,[139] the DLP-IGZO precursor exhibited a strong 
exothermic peak, corresponding to abrupt weight loss, indicating an efficient decomposition and 
transition to the oxide film. That is, our additive greatly reduced the annealing temperature to form 
metal oxide film. 
Therefore, DUV processing not only achieved photodecomposition in IGZO gel films but also 
realized combustible reactions via external energy supplying. FT-IR spectrum of the prebaked film 
showed broad bands centered at 3443 cm-1 and 1640 cm-1, ascribed to basic hydroxyl groups and 
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adsorbed molecular water. These peaks are slightly reduced after UV irradiation, and almost 
disappeared after post annealing due to dehydroxylation. 
During this UV irradiation process, the non-irradiated gel film still keeps chelate structure and can 
be washed away easily using acetic acid/methanol solution due to salification between hydrogen 
ion and chelate. This change in solubility of precursor film can be applied to the direct light 
patterning process. 
2.4. Process and device integration 
Based on this process, we successfully demonstrated wafer-scale patterning process using additive 
oxide precursors, and multi-step integration was also attainable as shown in Figure 2.4a and 
Figure 2.5. As shown via AFM (Figure 2.4b), patterned region showed fine structures in exposed 
regions and clean removal of non-irradiated regions. We have also successfully demonstrated 
negative and positive pattering shapes with a minimum feature size of 3 m (Figure 2.4c and 
Figure 2.6). Accordingly, DLP process has high potential for integrated circuit (IC) process, which 
can also form simple gratings and various shape formation. 
48 
 
 
Figure 2.4 Demonstration of patterned DLP-IGZO films and large-scale circuit integration. (a) 
Image of wafer-scale full integration for transparent oxide electronics. (b) AFM images and cross-
sectional profile of patterned DLP-IGZO film with a height of ~20 nm and the width of ~20 m. 
(c) SEM images of various pattern shapes with negative and positive mask patterns. Dark regions 
indicate SiO2 surface and light regions indicate patterned DLP-IGZO films. We successfully 
demonstrated the fine line width of 3 m (bottom right side). 
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Figure 2.5 Transparent all solution-processed IGZO TFTs using DLP multi-step processing.  (a) 
Photographs of integrated-IGZO TFT with S/D and gate electrodes of ITO and gate dielectric of 
Al2O3 on PI substrate. (b) SEM images of bent IGZO TFTs on PI substrate. (c) Current-voltage (I-
V) and capacitance-frequency (C-F) measurement of Al/Al2O3/p++ Si based MIM structure. (d) 
Transfer characteristics of IGZO TFTs at VDS of 0.1, 0.5, and 1.0 V on PI substrate (L = 200 μm, 
W = 1000 μm). (e) Output characteristics of IGZO TFTs, showing clear pinch-off and current 
modulation with an increase of gate voltage. 
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Figure 2.6 Optical images of patterned DLP-IGZO films on SiO2/Si substrate. 
2.5. Device electrical evaluation 
Optimized DLP-IGZO TFTs with 0.1 M AcAc and 0.2 M NH4OH had much higher mobility of 
15.51±0.75 cm2 V-1 s-1 than no-additive IGZO TFT (2.83±0.37 cm2 V-1 s-1) as shown in Figure 
2.7. Turn-on-voltage and on/off ratio of DLP-IGZO TFTs showed around 0 V and ~108, 
respectively, and the properties of SS and hysteresis of DLP-IGZO TFT were dramatically 
improved. Gate leakage current was found to depend on the existence of gate patterning or channel 
patterning,12 in that a DLP-IGZO TFT achieved low gate leakage current showed 106 orders of 
magnitude below compared with an unpatterned IGZO TFT (Figure 2.8). These results indicate 
that the DLP enables fine and clear patterns without the degradation of the films during the 
patterning process. 
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Figure 2.7 Electrical device performance of DLP-IGZO semiconductor based TFTs, circuit 
integration, and bending performance on flexible array. (a-c) Transfer and output characteristics 
of no-additive IGZO and DLP-IGZO TFTs. (d) Histogram of the mobility for no-additive and 
DLP-IGZO TFTs processed at 350°C. (e) Annealing temperature dependency of DLP-IGZO TFTs 
at 200-350°C. (f) Enhancement-mode inverter demonstration of DLP-IGZO channel and DLP-
ITO electrode combination (inset optical microscope image of DLP-inverter). (g, h) Bending test 
of DLP-IGZO TFTs annealed at 300°C on polyimide (20 x 20 mm) with a maximum bending 
radius of 10 mm. 
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Figure 2.8 (a,b) Transfer and output characteristics of DLP-IGZO TFTs without patterned IGZO 
channel layer. (c,d) Transfer and output characteristics of DLP-IGZO TFTs with patterned IGZO 
channel layer. 
 
DLP-IGZO TFTs were evaluated for different annealing temperatures. Typically, solution-
processed AOS TFTs show very low performance5 even for high-temperature (>400°C) annealing. 
Surprisingly, DLP-IGZO TFTs annealed at 200°C still have a high saturation mobility of about 
1.0 cm2 V-1 s-1 while IGZO TFTs with no additive are inactive, as shown in Figure 2.7g. As 
annealing temperature is increased from 200 to 350°C, the mobility of TFTs increased from 1.0 to 
16 cm2 V-1 s-1 (Table 2.1). These are among the highest mobility values reported to date for air-
stable conventional metal-salt complex precursor systems at low-temperature processing.  
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The formation of DLP oxide films could be applied not only to oxide semiconductors but also to 
transparent conductive oxide and dielectric materials. We have successfully demonstrated the 
enhancement-mode inverter circuit with the alignment of DLP-ITO electrodes and DLP-IGZO 
semiconductor layer (Figure 2.7f). The enhancement mode inverter showed good electrical 
modulation. Based on our results for different annealing temperatures, we fabricated DLP-IGZO 
TFTs on polyimide substrate to confirm flexible application. The bending cycling properties are 
essential to evaluate the device stability on repetitive flexion. The SS and mobility changed slightly 
over 320 cycles (Figure 2.7h) with the bending radius 10 mm, confirming reasonable performance 
for flexible operation. 
 
Table 2.1 Extracted parameters of DLP-IGZO TFTs with different annealing temperatures 
Temp  
(°C) 
µsat  
(cm2 V-1 s-1) 
VTH 
(V) 
Ion/off 
SS 
(V dec.-1) 
200-no additive Inactive 
200 0.85±0.17 29.21±2.06 ~108 0.46±0.07 
250 5.06±0.36 16.24±1.48 ~108 0.47±0.02 
300 7.41±0.17 13.43±1.25 ~108 0.45±0.02 
350 15.51±0.75 11.87±2.52 ~108 0.49±0.06 
 
 
To confirm fully DLP-oxide based TFTs, we demonstrated all oxide based transparent TFTs on 
flexible substrate (Figure 2.5a). DLP-Al2O3 dielectric showed high breakdown voltage of ~4.9 
MV cm-1 and good capacitance of 46.3 nF at 1 kHz (Figure 2.5c) and DLP-ITO has the resistivity 
of around 1.2×10-2 Ω•cm. X-ray diffraction (XRD) data in Figure 2.9 shows amorphous structures 
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for Al2O3, ITO and IGZO thin films. Based on the structure (Figure 2.5b) of ITO (50 nm)/IGZO 
(15 nm)/Al2O3 (150 nm)/ITO (50 nm)/PI (18 m), all DLP-oxide based TFTs had very high 
mobility and high on/off ratio of ~84.4 cm2 V-1 s-1 and over 105 at VDS
 of 1.0 V and showed clear 
pinch-off behavior (Figure 2.5d and Figure 2.5e). 
 
Figure 2.9 X-ray diffraction (XRD) pattern of DLP-IGZO, ITO, and Al2O3 films on glass substrate. 
No characteristic peak is present. 
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2.6. Summary 
In summary, we demonstrated the first fully oxide based DLP-IGZO TFTs and wafer-scale circuit 
integration at low temperature. AcAc and NH4OH based metal precursors not only showed the 
direct-photo patterns on oxide gel films but also manifested strong self-exothermic reaction for 
low-temperature oxide formation under DUV irradiation. Furthermore, we demonstrated the 
formation of high-quality oxide films at low temperatures with fine patterning, yielding a 
minimum feature size of ~3 m. Our DLP process is applicable to a wide range of metal oxide 
systems (semiconductor, insulator, and conductor), showing good performance despite varying 
chemical structures and electrical properties. To support applicability of this process to our large-
scale integrated circuits, we demonstrated DLP-IGZO based TFTs and multi-step based direct light 
processing for metal oxides. Surprisingly, DLP-IGZO TFTs had high performance with a mobility 
and on/off ratio of ~ 16 cm2 V-1 s-1 and over 108, respectively. Fully DLP based TFTs showed 
optical transparency and high electrical performance at low driving voltage. Thus, we can see that 
the DLP process can overcome the main obstacles of solution-processed metal oxide electronics 
in terms of high-temperature film formation, significantly reduced cost, and free shape control. 
Furthermore, the DLP-based patterning process can holds promise in controlling dimensions 
below the few micron scale and ideal for circuit integration. 
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3. Aqueous precursors for low-temperature fabrication of oxide semiconductors 
3.1. Introduction 
Amorphous metal oxide semiconductor (AOS)-based electronic devices have been developing 
rapidly for use as thin-film transistors (TFTs) in display backplanes, sensors, and logic devices.[10, 
65, 155] In particular, the high field-effect mobility (>10 cm2 V-1 s-1), transparency, and electrical 
stability of AOS TFTs are attractive for flexible transparent circuit applications. Recent research 
development has focused mainly on new materials with high mobility and stability, diverse 
substrates, and facile processing methods.[67, 156] Various processing methods are used to deposit 
AOS such as atomic layer deposition, pulsed laser deposition, sputtering, and solution process. 
Except for the solution process, most processes are associated with disadvantages such as the high 
cost and the use of vacuum facilities. In order to overcome these issues, solution processing has 
emerged as an innovative technology. Although solution processing of AOS TFTs has great 
potential, the electrical properties of these devices strongly depend on the processing temperature, 
and their performance is much lower than that achieved with vacuum processing even after 
annealing over 450 °C. To overcome this obstacle, several solutions have been proposed, including 
new material synthesis,[25, 139, 157] different ligand based precursors optimization,[158] nanostructure-
based film formation,[159, 160] UV light illumination,[138] high pressure annealing,[22] microwave 
irradiation,[85] and ozone treatment.[140] A recent study of metal oxide film formed by aqueous 
route showed the possibility of low-temperature process by reducing the amount of carbon-based 
organic solvent, additives, and ligands in the metal precursors to lessen the detrimental effects of 
carbon impurities.[161, 162] However, the correlation between device performance and the metal 
complex used in aqueous processing is still unclear.  
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Here, we report low-temperature and high-quality aqueous metal oxide formation with different 
ligands. Based on our results, ultra-high mobility of fully aqueous-based In2O3 TFTs with specially 
designed hexaaqua metal(III) complexes of [In(OH2)6]
3+ and [Al(OH2)6]
3+ as the oxide 
semiconductor and gate dielectric layers, respectively, was demonstrated. The metal atoms in the 
hexaaqua metal(III) complexes have a coordination number of six (Figure 3.1a). Furthermore, they 
do not precipitate in water as M(OH)3, which could be represented as the monomeric 
[M(OH2)6]
3+.[163, 164] The structure of the metal complexes can reduce the processing temperature 
(<250 °C) and energy required to form an oxide film.  
 
Figure 3.1 a) Structure and unique processing of hexaaqua metal complexes. b) Thermogravimetric 
analyses of the various aqueous metal precursors of In(C2H3O2)3, InCl3, InF3, and In(NO3)3. c) 
Raman spectra of the different ligand-based films. 
3.2. Experimental details 
Synthesis of aqueous metal precursor solutions: Indium oxide precursor solutions with varying 
ligands were synthesized at a concentration of 0.1 M by dissolving 291.9, 221.1, 171.8, and 300 
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mg of indium acetate (In(C2H3O2)3, Aldrich, 99.99%), indium chloride (InCl3, Aldrich, 99.999%), 
indium fluoride (InF3, Aldrich, 99.9%), and indium nitrate hydrate (In(NO3)3∙xH2O, Aldrich, 
99.999%), respectively, in 10 mL of water (H2O, Aldrich). The aluminum oxide precursor 
solutions (0.3 M) were synthesized by dissolving 1.12 g of aluminum nitrate nonahydrate 
(Al(NO3)3∙9H2O, Aldrich, 99.999%) in 10 mL of water (H2O, Aldrich) or 2-methoxyethanol 
(C3H8O2, Aldrich, 99%), respectively. After stirring vigorously for 1 h at room temperature, the 
solutions appeared transparent and homogeneous.  
Device fabrication: The substrates were cleaned in acetone and isopropyl alcohol sequentially and 
then treated by ultraviolet (UV) irradiation for 10 min. The In2O3 precursor solution was spin-
coated on SiO2 (1000 Å) / heavily boron (B) doped p-type Si wafer at 3000 rpm for 30 s. The 
samples were then soft-baked at 100 °C for 5 min to eliminate water and then annealed at varying 
temperatures (150–250 °C) for 2 h. The annealed samples were patterned using the 
photolithography process. The aluminum (Al) source and drain (S/D) electrodes (thickness = 100 
nm) were deposited by thermal evaporation with a metal shadow mask. The channel region was 
defined with a width (W) of 1000 μm and a length (L) of 200 μm. For the solution-processed Al2O3 
film, the aluminum oxide precursor solution was spin-coated at 3000 rpm for 30 s. The sample 
was then sequentially annealed at 100 and 250 °C for 5 min each. These procedures were repeated 
several times to obtain a thickness of 100 nm and then, sample was annealed at 250 °C for 2 h. 
Film and device characterization: Thermogravimetric analyses of the different aqueous precursor 
solutions were performed using a TGA analyzer (SDT Q600, TA Instruments). Each 25 mg 
powder was prepared by drying the precursor at 60 °C in a vacuum oven. The chemical and 
structural properties of the oxide films were examined using X-ray photoelectron spectroscopy 
(XPS, Omicron) and X-ray diffractometer (XRD, Panalytical). In2O3 and Al2O3 films showed 
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amorphous structures (Figure 3.2) To determine the solvated structures of the metal ions, Raman 
spectra were recorded at room temperature with a Renishaw spectrometer at 514 nm, with notch 
filters cutting at 100 cm-1. The solutions were dropped onto glass substrates and a 50X objective 
is used for measurements, which are performed at an incident power of 100 MW. The TFT 
characteristics of the devices were measured in a dark box in ambient air using an Agilent 4155C 
semiconductor parameter analyzer. The measurements of the TFTs on SiO2/Si wafers were 
performed by inducing VGS of -30 to 40 V and VDS of 30 V. The capacitance-frequency (C-F) 
properties of the metal-insulator-metal (MIM) structure were measured using an Agilent 4284A 
precision LCR meter from 100 to 1 MHz. 
 
Figure 3.2 XRD peaks of In2O3 and Al2O3 films at 250
oC annealing. All films show fully 
amorphous structure. 
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3.3. Thermal stability of various metal precursors in water 
Thermogravimetric analysis (TGA) of the precursors allows a comparison of the thermal evolution 
of the different precursors (Figure 3.1b). For each precursor, two-step decompositions are present, 
representing dehydroxylation and condensation. In(NO3)3 has the lowest decomposition 
temperature at approximately 240 °C. On the other hand, the decomposition temperatures of InCl3, 
In(C2H3O2)3, and InF3 were 490, 443, and 326 °C, respectively. The different decomposition 
temperatures are related to the specific chemical structures of the precursors.  
Raman spectroscopy was performed to directly probe the covalently bonded aqueous species 
(Figure 3.1c). The splitting of the C-C stretching for In(C2H3O2)3 indicates that acetate exists in 
three states in solution: acetic acid (C2H4O2), free acetate ion (CH3CO2
−), and complexed acetate 
at Raman peaks of 890, 928, and 960 cm-1, respectively.[165, 166] In the case of InF3, the broad 
Raman peak at 484 cm-1 is caused by the In-F vibration.[167] The high charge and moderate size of 
indium ion qualify it as a hard acid, and thus it easily forms complexes with hard bases such as F- 
and acetate.[168] According to the measured pH value (~2), the major species was determined to be 
InF3, which in turn agreed with the low solubility of InF3
[169], and we could thus predict the poor 
quality of the InF3-derived In2O3 film and confirmed surface morphology (Figure 3.3). 
The broad Raman peak of InCl3 appeared at 296 cm
-1, representing the In-Cl stretch in InCln(H2O)6-
n
3-n (n=1–4). The peak assignment and fitting[170] (Figure 3.4), and the major species was 
InCl2(H2O)4
+, as determined by the area under the peak,[171] which was also expected to lead to 
low-quality In2O3 films owing to further decomposition steps. 
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Figure 3.3 Optical images of In2O3 films for different ligand types. a) In(C2H3O2)3, b) InCl3, c) 
InF3, and d) In(NO3)3. In(C2H3O2)3 and InF3 of Low solubility ligands in H2O show poor surface 
morphologies. 
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Figure 3.4 Raman spectra of InCl3 aqueous solution. Peak analysis was performed to determine 
the ratio of different chemical structure in the solution. Among them, green, blue, cyan, and pink 
curves stands for InCl(H2O)5
2+, InCl2(H2O)4
+, InCl3(H2O)3, and [InCl4(H2O)2]
-, respectively. 
 
On the other hand, In(NO3)3 solution showed a vastly different behavior. The peak at 1050 cm
-1 
corresponds to the symmetric N-O stretch of free nitrate ions, and no evidence of complexed nitrate 
(1040 cm-1) is observed.[172, 173] This means that water replaces all the nitrate ions during solvation 
to form the hexaaqua indium(III) cation (In(H2O)6
3+), as shown in Figure 3.1a.  
We can consider water as playing two critical roles in the precursors. Firstly, it acts as a solvent 
with a high polarity and dielectric constant (ɛ=80) that enables the dissociation of ionic species. 
Secondly, it behaves as a σ-donor and reacts as a nucleophilic ligand to form solvated species of 
the type M(OH2). 
 
MXn + nH2O → M(OH2)n + nX 
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For a fixed metal cation, the stability of MX depends on the electronegativity of the anion and the 
pH.[174] Here, stability constants can be used to explain the bonding strengths of coordination 
complexes in aqueous solution. Log K1 for In-NO3, In-Cl, In-(C2H3O2), and In-F are 0.18, 2.32, 
3.50, and 3.75, respectively.[175] Compared with the other anions, the small stability constant of In-
NO3 indicate that nitrate anion is more easily displaced from indium cation than the other anions. 
The indium ions in aqueous In(NO3)3 are fully solvated with water molecules and have higher 
potential energies for the thermally driven hydrolysis and condensation reactions. On the other 
hand, the anions coordinated to the metal ion play a role as network modifier in the structure of 
the condensed phases, which would lead to a disrupted metal oxide network.[176] Also, the 
incomplete decomposition of InCl3, In(C2H3O2)3, and InF3 at 250 °C results in a large quantity of 
the hydrates, hydrogen halides, and acetates remaining in the thin film. The unique case of 
In(NO3)3 having a weak anion complexation makes it superior to the other precursors. That is, the 
formation of the hexaaqua complex with In(NO3)3 results in a very low decomposition temperature, 
and a high-quality In2O3 film could be obtained at 250 °C, which is favorable for flexible substrates. 
In order to compare the oxide quality and oxygen binding states for the different ligand types, X-
ray photoelectron spectroscopy (XPS) analysis of the thin films annealed at 250 °C was conducted 
(Figure 3.5). The XPS O1s spectrum of the In(NO3)3-based film has the largest area (54.04%) of 
the oxide lattice (530.27 eV, OI), while InF3 has the smallest area (6.92%) of OI and a large area 
of M-OH (OIII). Furthermore, the OI areas in the In(C2H3O2)3 and InCl3 spectra were 13.20% and 
52.44%, respectively. That is, the decomposition route for oxide lattice formation strongly depends 
on the ligands used in the different indium complex precursors. These results are consistent with 
the decomposition temperatures of the different precursors determined by TGA. Looking at 
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different annealing temperatures of the In(NO3)3 precursor, even the film formed at 150 °C shows 
a higher oxide lattice formation compared to the films from the other ligands annealed at 250 °C 
(Figure 3.6). 
 
Figure 3.5 XPS O1s spectra of the different In2O3 films annealed at 250 °C. The areas of OI (530.27 
eV, red line), OII (531.65 eV, green line), and OIII (532.70 eV, blue line) indicate the oxide lattice, 
oxygen deficiencies, and hydroxide bonding in In2O3, respectively. 
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Figure 3.6 XPS O1s peaks of In2O3 films for different annealing temperatures at a) 150, b) 200, c) 
250, and d) 300°C. The area of OI (530.27 eV, red line), OII (531.65 eV, green line), and OIII 
(532.70 eV, blue line) indicate the oxide lattice, oxygen deficiencies, and hydroxide bonding in 
In2O3, respectively. 
3.4. High quality semiconductors and insulators formed using aqueous precursors 
Based on these various chemical analyses, we confirmed that among all the precursors, the nitrate-
based solution provided the highest quality In2O3 film at low temperature, which in turn, could 
exhibit the highest field effect mobility as a TFT channel material. The transfer and output curves 
of the In2O3 TFTs from different precursors are shown in Figure 3.7. The sat of the In2O3 TFTs 
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from In(C2H3O2)3, InCl3, and InF3 exhibited mobilities of 0.07–1.2 cm2 V-1 s-1. Detailed parameters 
are given in Table 3.1. The In(C2H3O2)3-based TFT had the lowest mobility owing to the carbon 
residue in the films that did not fully decompose compared to the other ligands.[177] In addition, 
the oxide lattice peak (530.29 eV, OI) in the XPS O1s spectrum was much smaller than the 
hydroxide peak (532.70 eV, OIII), as shown in Figure 3.6. This result can be attributed to an 
insufficient energy supply for the dehydroxylation and carbon elimination.[178] Interestingly, the 
In(C2H3O2)3 precursor had a faster thermal decomposition than that of InF3, and the oxide lattice-
related O1s peak of the acetate-based film is much higher than that in the fluoride-based film. 
However, the mobility of the In(C2H3O2)3-based In2O3 TFT (0.07 ±0.02 cm2 V-1 s-1) is much lower 
than that of the TFT from InF3 (1.21 ±0.10 cm2 V-1 s-1). The reason for this is that fluorine can 
occupy oxygen deficiencies in the In2O3 lattice at low temperature owing to the similar ionic size 
of fluorine and oxygen.[179] Furthermore, In-F bonding was stable over 250 °C, as shown by TGA. 
On the other hand, sat (23.96 ±1.85 cm2 V-1 s-1) of the In(NO3)3-based In2O3 TFT was more than 
20 times higher than those of the films made from other ligands. Furthermore, the on/off ratio and 
sub-threshold voltage swing (S.S) were over 108 and below 1 V dec-1, respectively, and showed a 
clear pinch-off behavior (Figure 3.8). We examined the In(NO3)3-based In2O3 TFTs at different 
annealing temperatures (150–250 °C), and the device showed good switching behavior even when 
annealed at 150 °C (Figure 3.9). This device is thus expected to be applicable towards the low-
temperature processing of flexible electronics on polymer substrates. 
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Figure 3.7 Transfer curves of the various In2O3 TFTs annealed at 250 °C on SiO2/p++Si wafers. 
 
Table 3.1 Extracted device parameters of the In2O3 TFTs with different ligands and annealing 
temperature. 
Precursor types 
Annealing 
temp. (°C) 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/off 
S.S 
(V dec.-1) 
In(C2H3O2)3 250 0.07±0.02 7.47±1.37 ~105 2.05±0.78 
InCl3 250 0.44±0.14 10.36±1.90 ~105 0.95±0.37 
InF3 250 1.21±0.10 11.38±0.99 ~106 0.92±0.12 
In(NO3)3 150 1.24±0.07 22.52±2.05 ~106 0.64±0.01 
In(NO3)3 200 6.27±0.74 10.65±1.52 ~107 0.60±0.08 
In(NO3)3 230 14.10±0.97 7.40±1.01 ~108 0.55±0.13 
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In(NO3)3 250 23.96±1.85 10.56±1.16 ~108 0.56±0.22 
1) In(NO3)3 250 36.31±2.29 11.56±0.87 ~107 0.76±0.24 
1) With aqueous Al2O3 gate dielectric 
 
Figure 3.8 The IDS-VDS characteristics of In2O3 TFTs for different ligand types. a) In(C2H3O2)3, b) 
InCl3, c) InF3, and d) In(NO3)3. 
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Figure 3.9 The transfer curves of In2O3 TFTs for different annealing temperatures at a) 150, b) 200, 
c) 250 and d) 250oC. 
 
Analogous to In(NO3)3, Al(NO3)3 can form hexaaqua complex [Al(OH2)6]
3+, which could enable 
the fabrication of high-quality dielectric materials at low temperature.[180] Typically, a solution-
processed high-k dielectric material requires high-temperature annealing (over 450 °C). However, 
several gate dielectrics show poor characteristics at even high temperature annealing because of 
crystallization.[181] Additionally, films annealed at lower temperature (below 350 °C) have a low 
breakdown voltage and large variation in their capacitance values under different frequencies.[182] 
On the other hand, our hexaaqua complex-based Al2O3 film had excellent dielectric properties at 
250 °C compared to organic solvent-based films (Figure 3.10). The capacitance variation of the 
Al(NO3)3-based metal-insulator-metal (MIM) device was very small, from 100 to 1 MHz, as 
shown in Figure 3.11a. This could be attributed to the low amount of impurities (i.e., carbon and/or 
alkali elements) in the film owing to the carbon-free solvent and ligands. Furthermore, the 
breakdown electric field is over 4 MV cm-1, which allows a wide operating voltage range (Figure 
3.11a).  
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Figure 3.10 a) I-V and b) C-F characteristics of aqueous and non-aqueous Al2O3 gate dielectric. 
For the comparison between MIM capacitors of 250°C aqueous and 350°C non-aqueous Al2O3. 
The breakdown voltage of aqueous Al2O3 is higher than non-aqueous Al2O3. For C-F 
measurements, aqueous Al2O3 is more stable than that of non-aqueous. 
 
Figure 3.11 Device performance of the In2O3 TFTs with an Al2O3 gate dielectric. a) Capacitance 
per unit area and (inset) leakage current density of the Al(100 nm)/Al2O3(100 nm)/p++Si MIM 
device. Capacitance of 47.7 nF cm-2 measured at 1 kHz. b, c) Transfer and output characteristics 
of the In2O3 TFT with an Al2O3 gate dielectric. 
 
Finally, we successfully demonstrated aqueous-based In2O3 with an Al2O3 gate dielectric TFT 
formed at 250 °C (Figure 3.11c and Figure 3.11d). We demonstrated a wide range of gate voltages 
(VGS, -20 to 40 V) during TFT operation with a drain voltage (VDS) of 10 V and a low leakage 
current level of below 1 nA. The sat, on/off ratio, and S.S of the TFT were 36.31 ±2.29 cm2 V-1 s-
1, 107, and 0.76 ±0.24 V dec-1, respectively. This high mobility and wide-window voltage 
performance is the current state of the art in low-temperature solution-processed metal oxide TFTs, 
indicating that the proposed hexaaqua complex-based technology is key to enable ultra-high 
performance of solution-processed electronic devices and circuits. 
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3.5. Summary 
In summary, we utilized unique hexaaqua metal complexes from nitrate-based aqueous precursors, 
which could be easily decomposed at low temperature, to form high-quality semiconductor and 
dielectric materials. Our low-temperature In2O3 TFT showed ultra-high performance with a 
maximum mobility of over 25 cm2 V-1 s-1. Furthermore, our hexaaqua-based high-k Al2O3 
dielectric film also showed excellent breakdown voltage and stability under a wide frequency 
range. As a result, we achieved high mobility and good switching characteristics of our In2O3 TFT 
with an Al2O3 dielectric under a wide voltage range. The low-temperature formation of hexaaqua 
complexes was achieved through free carbon residues and simple dehydroxylation. These results 
highlight the utility of this method for eco-friendly, all solution-processed high performance 
transparent electronic devices for flexible applications. 
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4. Redox reaction to remove impurities in solution-processed oxide semiconductors 
4.1. Introduction 
Metal oxide semiconductors have attracted much attention as channel materials in thin-film 
transistors (TFTs) due to their high optical transparency, electron mobility, and high electrical 
uniformity under large-scale processing.[183] Recently, the solution processes have been developing 
rapidly due to their low cost and facile nature.[19, 136, 137, 156, 184] Normally, chemical conversion 
subsequent to deposition requires significant thermal energy, inevitably involving high 
temperature (>400°C) annealing to eliminate unwanted carbon, oxygen, hydrogen, and anions as 
the film densifies toward the target metal oxide.[185] Consequently, due to the high temperature 
requirements, substrate selection is limited, particularly polymer substrates for flexible electronics 
are largely excluded. The trade-off between the processing temperature and the performance of 
solution-processed metal oxide TFTs remains a great challenge. 
Several methods for low-processing-temperature, high-performance metal oxide TFTs have been 
proposed, such as low thermal budget processes and new chemical approaches. Low thermal 
budget processes provide external energy such as ultraviolet irradiation,[138, 158] microwave 
annealing,[85] infrared exposure,[186] and high-pressure annealing to reduce the thermal budget.[187-
189] In the new chemical approaches, ligands and counter ions are carefully designed to reduce the 
activation energy and lower the thermal budget, as in alkoxide systems,[157] combustible 
processes,[139, 158, 190] and aqueous routes[161, 191-193]. Among these methods, the carbon-free aqueous 
route can form high-quality films at low temperatures with minimal environmental impact. 
Regarding the selection of precursors, nitrates show the lowest decomposition temperature when 
compared to other precursor types (i.e., chloride, acetate, sulfide, etc.),[169, 194] and are therefore 
commonly used. However, some nitrate precursors are unstable and difficult to handle, such as 
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those of Hf, Sn, Zr and Sb.[195] As a result, sol-gel processing routes for certain metal oxides via 
decomposition of nitrates are infeasible. 
Chloride based metal precursors have been widely used, but require heating up to ~500°C to 
decompose into high-purity oxide films that do not contain chlorine (Cl) residual.[196-198] Such 
removal of Cl is crucial, as any residue remaining in the metal oxide can cause defects and 
undesired doping, leading to films with poor electrical properties and consequent TFT 
performance.[178] Therefore, effectively removing Cl under mild conditions is desirable but 
remains challenging. 
Here, a facile approach for complete removal of Cl residues from chloride-precursor-derived metal 
oxide thin films via a facile redox reaction (Figure 4.1) is proposed. The key step is elimination of 
Cl via the redox reaction with perchloric acid. Based on this approach, we demonstrate indium 
oxide (InOx) TFTs with high field-effect mobility of ~10 cm2 V-1 s-1 and an on/off ratio of over 107 
at a processing temperature of 250°C. Additionally, high-performance flexible InOx TFTs with a 
field-effect mobility of ~4 cm2 V-1 s-1 and excellent mechanical stability were also demonstrated. 
To further explore the compatibility of this technique with more complex material systems, this 
approach was expanded to indium-gallium-zinc oxide (IGZO) using all chloride precursors. 
Remarkably, the field-effect mobility of the redox reaction-based IGZO TFTs showed an increase 
over 10 times that of conventional processes, and provided superior device stability under the bias 
stress test. These results prove the feasibility of this novel route toward realizing low temperature 
high-quality solution-processed electronic devices. 
74 
 
 
Figure 4.1 Schematic Illustration of Metal Oxide Film Formation through Facile Redox Reaction 
4.2. Experimental details 
Precursor Synthesis: The optimized 0.1 M InOx precursor was synthesized by dissolving 0.2212 
g of anhydrous indium(III) chloride (InCl3, Aldrich, 99.999%) and 0.0861 g of perchloric acid 
(HClO4, Aldrich, ACS reagent, 60%) in 10 ml of water (H2O, Aldrich, ACS reagent). IGZO 
precursor was synthesized by dissolving 0.0398 g anhydrous indium(III) chloride (InCl3, Aldrich, 
99.999%), 0.0018 g gallium chloride (GaCl3, Aldrich, 99.999%), 0.0014 g zinc chloride (ZnCl2, 
Aldrich, 99.999%), and 0.0172 g perchloric acid (HClO4, Aldrich, ACS reagent, 60%) in 2 ml of 
water (H2O, Aldrich, ACS reagent). For pure precursors of InOx and IGZO, solutions were 
prepared without HClO4. 
Device fabrication: Bottom-gate and top-contact transistors were fabricated. A 100 nm-thick 
silicon dioxide (SiO2) gate dielectric layer was thermally grown on top of a heavily boron (p
++)-
doped Si wafer. The substrates were sonicated with acetone and isopropyl alcohol, respectively, 
and rinsed with DI water. The substrates were then treated with ozone cleaner for 10 minutes to 
eliminate organic residues and to improve wettability. The solutions were then spin-coated onto 
the substrate at 3000 rpm for 30 seconds. Thin films were pre-baked at 100°C for 1 min and 
annealed at 250°C for 4 hours in air. To form the source/drain electrodes, aluminum was deposited 
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by thermal evaporation using a shadow mask. Furthermore, the channel region was defined with a 
width of 1000 μm and a length of 200 μm. 
In order to demonstrate flexible devices, a polyimide (HD Microsystems, Inc. PI-2545) solution 
was spin-coated onto the glass substrate at 2000 rpm for 30 seconds. The coated sample was 
prebaked at 140°C for 5 minutes in air and then cured at 300°C for 1 hour using a ramp rate of 5°C 
per minute in an inert ambient environment. Several iterative coatings were conducted to achieve 
a desired thickness. The final film thickness was ~18 m. A molybdenum (200 nm) gate-electrode 
and SiO2 (200 nm) gate-insulator were deposited by sputtering and plasma-enhanced chemical 
vapor deposition, respectively. Subsequently, the channel and source/drain deposition took place, 
using the same process as on the silicon substrates. Finally, the complete devices were 
mechanically delaminated from the carrier glass. 
Material and device characterization: The film stoichiometry and defect states were analyzed 
using X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos Analytical), and the InOx 
films were deposited onto highly doped silicon substrates to avoid any charging effects. Thermo-
gravimetric analysis and differential thermal analysis (TG-DTA) of the precursors were performed 
using a TG-DTA analyzer (SDT Q600, TA Instruments, 5°C per minute ramp rate, ambient air). 
The TG-DTA samples were prepared by drying precursor solutions at 50°C, in a vacuum oven. In 
order to determine the chemical bonding of precursors during thermal evolution, Raman 
spectroscopy was performed at room temperature using a Renishaw spectrometer at 514 nm. 
Finally, the electrical characteristics of the devices were measured using an Agilent 4155C 
semiconductor parameter analyzer (in a dark box in air), and the measurement of each device was 
performed by inducing a gate voltage (VGS) of -20 to 40 V and a drain voltage (VDS) of 30 V. 
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Furthermore, all 20 devices on one substrate were analyzed in order to reflect the average 
performance and distribution.  
4.3. Instrumental analysis of the redox reaction 
Due to its filled 10 d-electron valence shell, In3+ tends to form a stable chloride complex in aqueous 
(aq) solution,[169] where In3+ is only partially solvated by water molecules; this occurs even in a 
diluted indium chloride (InCl3) solutions. Thus, the InCl3 precursor requires a relatively high 
temperature to replace Cl- with H2O during hydrolysis. This heating produces hydrochloric acid 
(HCl) as a by-product, which can be evaporated during the annealing as follows: 
In-Cl + H2O → In-OH + HCl↑ 
At higher temperatures, a condensation process will follow hydrolysis, leading to the departure of 
H2O and the formation of a metal-oxide-metal network: 
In-OH + HO-In → In-O-In + H2O↑ 
The thermal evolution of the precursor solution was analyzed by TG-DTA (Figure 4.3a). An 
endothermic hydrolysis reaction occurs between 150–300°C while condensation is observed at 
300–450°C, followed by an exothermic crystallization at about 470°C.[199] The slow 
decomposition of the precursor was observed clearly in the wide range of increasing temperature. 
That is, chloride-precursor-derived oxide films were able to contain large amounts of Cl residues 
and undeveloped oxide framework at low temperature, which disrupts the metal oxide network 
yielding poor electrical performance.[200] 
In order to control chemical evolution of Cl residues during film formation, we employed 
perchloric acid (HClO4) as a precursor additive. HClO4 is a strong oxidizer that does not form 
complexes with In3+ in solution; accordingly, HClO4 can effectively eliminate the Cl residues 
without introducing any new impurities, as seen in the following reaction: 
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7Cl- + HClO4 + 8H+ 
𝑟𝑒𝑑𝑜𝑥 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
→            4Cl2↑ + 4H2O↑ 
The change in the Standard Gibbs free energy (ΔG0) of the above reaction is -22.57 kJ/mol,[201] 
indicating a spontaneous process. A precursor solution was made according to the desired redox 
reaction, and its TG-DTA result (Figure 4.3b) shows a strong exothermic reaction accompanied 
by a rapid weight loss at around 250°C. This confirms the occurrence of redox reaction. 
To examine the chemical bonding status, XPS analysis of InOx films was performed as a function 
of HClO4 addition (Figure 4.3c). The Cl 2p peak of pure InCl3 solution-based films annealed at 
250°C was observed. On the other hand, a Cl 2p peak for addition of HClO4 in InCl3-based films 
was not observed (below the detection limit in the XPS). 
To confirm these results, Cl 2p peaks for InOx films derived from precursors containing different 
HClO4 concentrations and annealing temperatures, were plotted against each other (Figure 4.2). 
The ratio of HClO4 to InCl3 is defined as 1 (equivalent) when it matches the proposed redox 
reaction. When the annealing temperature was fixed at 250oC, insufficient HClO4 (< 1.0 eq.) led 
to incomplete removal of Cl-, while using excess HClO4 (> 1.0 eq.) left behind additional HClO4 
(Figure 4.2a). Furthermore, when the ratio to of HClO4 is fixed at 1.0, XPS analysis clearly 
indicated a disappearance of the Cl 2p peak at annealing temperatures above 250°C (Figure 4.2b), 
which is consistent with the strong exothermic peak seen in the TG-DTA result. 
 
78 
 
Figure 4.2 XPS spectra of Cl 2p for InCl3 + HClO4 precursor based InOx semiconductor with 
varied ratios and annealing temperatures. (a) InOx films derived from InCl3 aqueous precursors 
with different HClO4 ratios; annealed at 250 °C. (b) InOx films derived from InCl3 + HClO4 at a 
fixed ratio of 1.2; annealed at various temperatures. 
 
The redox reaction is also confirmed by the Raman spectra of the InCl3 + HClO4 precursor at 
different fabrication steps (Figure 4.3d). The spectrum of the as-spun film, at room temperature, 
shows a clear ClO4
- peak at 939 cm-1.[202] Additionally, the peak at 297 cm-1 relates to the In-Cl 
stretching vibration in the InCln(H2O)6-n
3-n (n=1~4), indicating partial hydrolysis of the 
precursor.[170] A noticeable decrease in the intensity of the peak at 297 cm-1 after prebaking at 
100°C is indicative of the gradual removal of Cl from the indium sphere due to the increase in 
thermal energy. The peaks at 297 cm-1 and 939 cm-1 disappear fully at 250°C, indicating the 
elimination of Cl from the film through a redox reaction between Cl- and ClO4
-. The strong peak 
at the 160 cm-1 band appears after the 250°C annealing, assigned to the O-In-O bending mode, is 
evidence of indium oxide formation.[191] It should also be noted that the bending vibrations, seen 
at 303 cm-1,[203] are a result of the octahedral InO6 structure, and the peak seen at 367 cm
−1,[204] is 
due to the stretching vibrations of In-O-In. Therefore, according to the various spectral peaks, 
provided through Raman spectroscopy, information concerning the chemical evolution route 
toward the formation of chlorine-free oxide thin films can be determined. 
InOx films annealed at 250°C were analyzed by XPS (Figure 4.3e and Figure 4.3f), and it was 
determined that the O 1s peak of InCl3 + HClO4 based films has a larger area (62 %) of the oxide 
lattice (~530 eV, OI)
[205] compared with pure InCl3 (53 %). At the same time, hydroxide area (~531 
eV, OII) decreases from 27% to 17%. This result is consistent with the Cl impurity analysis, as the 
presence of Cl can hinder hydrolysis and the formation of the metal oxide framework.[176] The 
oxygen deficiency region increases a little bit from 20% to 21%, which matches well with the 
negative shift of turn-on voltage as seen in Figure 4.4. 
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Figure 4.3 (a, b) TG-DTA results of InCl3 precursor solutions with and without HClO4. (c)  XPS 
spectra of the Cl 2p peak for InOx films with and without the HClO4 additive. (d) Raman spectra 
of the HClO4 added InOx films at different fabrication steps. (e, f) XPS spectra of the O 1s peak 
for InOx films annealed at 250
oC, with and without HClO4 additive. 
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Figure 4.4 Transfer characteristics of InOx TFTs. (a) InCl3 precursor annealed at 250
oC. (b) 
Optimized InCl3 + HClO4 precursor annealed at 250
oC. 
4.4. Electrical characterization of redox reaction based oxide TFT 
The aforementioned chemical analyses confirm that the addition of HClO4 to the InCl3 precursor 
effectively removes the Cl residues within the film without introducing any new impurities. This 
process can therefore provide a higher oxygen lattice concentration, which, in turn, should provide 
better device performance than when strictly using pure InCl3 precursor. 
The performances of the TFTs derived from InCl3 based precursors with and without HClO4 were 
both measured (Figure 4.4 and Table 4.1). The saturation mobility (µsat), sub-threshold voltage 
swing (S.S), and on/off ratio (Ion/Ioff) of InOx TFTs, with added HClO4 are remarkably improved 
when compared with the pure precursor solution. In particular, the µsat increased by more than 20 
times (the maximum µsat reached was 12.08 cm
2 V-1 s-1). Furthermore, hysteresis is greatly reduced, 
indicating a reduction of electron traps and the output characteristics of devices (Figure 4.5) show 
clear modulation of the drain current by inducing a gate voltage. 
 
Table 4.1 Extracted parameters of InOx TFTs with different precursors 
Precursor µsat Vth Ion/Ioff S.S 
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(cm2 V-1 s-1) (V) (V dec.-1) 
InCl3 0.44±0.14 10.36±1.90 ~10
5 0.95±0.37 
InCl3 + HClO4 8.84±2.03 8.46±3.25 ~10
7 0.92±0.21 
 
 
Figure 4.5 (a, b) Output characteristics of InOx TFTs derived from InCl3 aqueous precursors, with 
and without HClO4. 
 
To achieve optimized device conditions, the device performances of InOx TFTs derived from InCl3 
precursors with various ratios of HClO4 (0.8 to 1.4) were investigated. Device variations, as well 
as the extracted parameters of the devices using different HClO4 ratios are shown in Figure 4.6 
and Table 4.2 Extracted parameters of InOx TFTs derived from InCl3 aqueous precursors with 
varying HClO4 ratios. Ratios of 1.0 and 1.2 yield higher mobility than 0.8 and 1.4, which is 
consistent with the Cl impurity analysis. Furthermore, device performances were examined at 
different annealing temperatures (Figure 4.7 and Table 4.3). It was found that devices annealed at 
150oC were inoperable, whereas devices annealed at 200oC operated with a µsat of 0.08 cm
2 V-1 s-
1. The poor device performances are consistent with incomplete decomposition of chloride below 
250°C (Figure 4.2b). On the other hand, devices annealed at 300°C show a very negative turn-on 
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voltage, as well as a low on/off ratio, which is associated with an increase in carrier concentration 
from 1.09×1018 to 1.34x1019 cm-3.[206] On the whole, 250oC was determined to be a suitable 
annealing temperature in order to effectively trade-off between mobility, as well as other device 
parameters. 
 
Figure 4.6 Saturation mobility distribution of InOx TFT derived from InCl3 aqueous precursors 
with varying HClO4 ratios. 
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Figure 4.7 Transfer characteristics of InOx TFTs derived from optimized InCl3 + HClO4 precursor 
at various annealing temperatures. 
 
Table 4.2 Extracted parameters of InOx TFTs derived from InCl3 aqueous precursors with varying 
HClO4 ratios 
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Precursor Ratio 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/Ioff 
S.S 
(V dec.-1) 
InCl3 + HClO4 
aqueous solution 
0.8 7.52±1.37 11.44±2.21 ~107 0.76±0.20 
1.0 7.41±2.71 10.18±8.25 ~107 1.13±0.46 
1.2 8.84±2.03 8.46±3.25 ~107 0.91±0.21 
1.4 4.85±1.46 7.72±3.71 ~106 2.15±1.31 
 
Table 4.3 Extracted parameters of InOx TFTs derived from optimized InCl3 + HClO4 precursor at 
various annealing temperatures 
Precursor 
Temperature 
(°C) 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/Ioff 
S.S 
(V dec.-1) 
InCl3 + HClO4 aqueous 
solution 
150 Not working 
200 0.08±0.04 26.73±5.26 ~104 1.99±1.47 
250 8.84±2.03 8.46±3.25 ~107 0.91±0.21 
300 9.86±3.09 -2.18±2.92 ~107 1.50±0.54 
 
In order to show further application of the proposed redox reaction throughout various solvent 
systems, we replaced water with conventional organic solvent 2-Methoxyethanol (2-ME). As a 
result, both the boost in mobility, as well as the increase in oxide lattice concentration continued 
to be observed (Figure 4.8 and Table 4.4). Out of curiosity, we exchange anion pair and prepared 
indium perchlorate (In(ClO4)3) aqueous solution with and without hydrochloric acid (HCl). 
Devices derived from these two precursors were investigated and the device performances are 
shown in Figure 4.9 and Table 4.5. For pure In(ClO4)3 precursor, µsat showed around 0.83 cm2 V-1 
s-1, which is higher than that of pure InCl3. As ClO4- does not complex with In3+ in aqueous 
solution,[202] it requires much less energy to be removed.[176] Therefore, In(ClO4)3 derived TFTs 
have less impurities and better electrical performance compared with InCl3 derived TFT. On the 
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other hand, In(ClO4)3 + HCl precursor causes poor film quality and device performance, with field-
effect mobility around 0.03 cm2 V-1 s-1. Probable reason is that high acidity results in fast hydrolysis, 
which leads to particle formation on the substrate.[207]  
 
Figure 4.8 Material properties and device performance of 2-Methoxyethanol (2-ME) solvent based 
InOx semiconductor, with and without HClO4. (a, b) Output and (c, d) transfer characteristics of 
InOx TFT. HClO4 additive improves the device performance just as it does in aqueous precursors. 
(e, f) XPS spectra of O 1s for the InOx annealed at 250 °C, with and without HClO4. Among them, 
the InCl3 + HClO4 precursor results in a much higher percentage of lattice oxygen (OI 530.27 eV). 
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Table 4.4 Extracted parameters of InOx TFTs derived from InCl3 2-ME solvent based precursors, 
with and without HClO4 
Precursor Solvent 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/Ioff 
S.S 
(V dec.-1) 
InCl3 
2-ME 
0.40±0.11 27.08±4.50 ~105 0.89±0.27 
InCl3+ HClO4 0.99±0.36 19.81±1.93 ~10
6 1.08±0.23 
 
Figure 4.9 (a, b) Output and (c, d) transfer characteristics of InOx TFTs derived from In(ClO4)3 
aqueous precursors, with and without HCl. 
 
Table 4.5 Extracted parameters of InOx TFTs derived from In(ClO4)3 aqueous precursors, with and 
without HCl. 
Precursor Solvent 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/Ioff 
S.S 
(V dec.-1) 
In(ClO4)3 
Water 
0.83±0.91 24.40±5.15 ~106 1.04±0.39 
In(ClO4)3+ HCl 0.03±0.02 17.07±5.75 ~10
4 1.67±1.66 
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4.5. Flexible thin film transistors with low-temperature process 
To confirm the advantage of our redox reaction, optimized InOx TFTs were fabricated on a flexible 
polyimide (PI) substrate and the device performance was measured after delamination of the film 
from the carrier substrate (Figure 4.10). The devices showed an average μsat of 3.01 cm2 V-1 s-1 
and on/off ratio over 107. The devices showed high mechanical stability, enduring up to 800 
bending cycles performed over a 5 mm bending radius (Figure 4.10c). Based on our calculation, 
since the strain occurred under bending is less than the fracture strain of InOx film, the repeated 
strain test does not lead much degradation in device performance.[208] 
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Figure 4.10 Flexible InOx TFT based on redox reaction precursor. (a) Photograph of devices 
fabricated on polyimide substrate. (b) Output characteristics and (c) Transfer curves of InOx TFT. 
(d) µsat and Ion/Ioff, (e) Ion and Ioff, (f) threshold voltage (Vth), and S.S variations of InOx TFT with 
different bending cycles after bending to 5 mm radius. 
In order to show the versatility in application of the redox reaction, indium gallium zinc oxide 
(IGZO) TFT was fabricated using all-chloride-based precursors (with an atomic ratio of 9:0.5:0.5). 
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By adding HClO4, the µsat increased from 0.10 to 1.30 cm
2 V-1 s-1 (Figure 4.11a, Figure 4.11b, 
Figure 4.12 and Table 4.6). The change in the threshold voltage (ΔVth), of the redox reaction based 
IGZO TFTs was dramatically suppressed when compared with the use of a pure IGZO solution 
from 1.4 V to 0.1 V under a negative bias stress (NBS), and from 7.9 V to 1.0 V under a positive 
bias stress (PBS). These results are believed to originate from the improved IGZO film quality, 
which is due to the reduction of impurities. As a result, it has been confirmed that the redox reaction 
can be employed for various material systems in order to realize high-performance oxide films at 
low processing temperatures. 
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Figure 4.11 Performance of chloride-precursor-based IGZO TFTs. (a, b) Transfer characteristics 
of IGZO TFT with and without HClO4. (c, d) Negative bias stress (NBS) of IGZO TFTs with and 
without HClO4 under gate bias voltage of -20 V and a drain bias voltage of 10 V for varying times. 
(e, f) Positive bias stress (PBS) of IGZO TFTs with and without HClO4 under gate bias voltage of 
20 V and drain bias voltage of 10 V for varying times. 
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Figure 4.12 (a, b) Output characteristics of IGZO TFTs derived from all-chloride-based aqueous 
precursors, with and without HClO4. 
 
Table 4.6 Extracted parameters of IGZO TFTs with different precursors 
Precursor 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/Ioff 
S.S 
(V dec.-1) 
IGZO 0.10±0.06 22.56±5.88 ~105 0.81±0.17 
IGZO + HClO4 1.30±0.16 18.33±2.63 ~10
6 0.68±0.14 
 
4.6. Summary 
In summary, a major challenge in solution-processed metal oxide semiconductors for TFT 
applications, i.e. undecomposed impurities was addressed by the employment of a redox reaction 
between metal chlorides and HClO4 in order to form high-quality oxide films at a low annealing 
temperature. The effective elimination of the chlorine impurity enables a significant performance 
improvements in chloride-precursor-based oxide TFTs when compared to TFTs that are 
conventionally formed through thermal condensation. This work offers a new pathway to fabricate 
solution-processed electronics at low temperatures. 
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5. High mobility dual layer oxide TFTs 
5.1. Introduction 
Research on electronic devices formed via solution process approaches is a key part of next-
generation processing methods. Unlike vacuum-based deposition techniques, liquid-phase starting 
materials support diverse device fabrication routes such as ink-jet, screen printing, slit coating, 
spray coating, and spin coating.[19, 209, 210] Additionally, these techniques can be employed for 
selective deposition and the creating of various pattern shapes[211] and the low cost of facilities and 
materials can save expense compared to vacuum infrastructure. Despite the advantages of solution 
processing, this commercial scaling of this fabrication method is still in its early stages. In 
particular, the low electrical performance of solution-processed devices is the biggest obstacle to 
their commercialization in the semiconductor field—even the most well-known a-Si based thin-
film transistors (TFTs) are difficult to make via a solution process. Organic-based TFTs (OTFTs) 
have been developed as the closest equivalent for commercialization.[211] , however, OTFTs are 
still required to improve field-effect mobility (μFET), electrical properties based on uniform grain 
size, and electrical stability in long-term operation.[212-215] Therefore, new semiconductor materials 
are highly needed for overcoming these critical issues using solution-processed approaches. 
Recently, amorphous oxide semiconductors (AOSs) have been seriously considered as solution 
materials in these circumstances. The reason is as follows: (1) Oxide solutions are insensitive to 
external process conditions (annealing, post-deposition of other materials, exposure to air, etc.), 
which easily-reduced limiting factors in device fabrication. (2) Structurally-amorphous multi-
component oxides can achieve very high electrical uniformity in ultra-large-scale integration. (3) 
Fully-amorphous TFTs show high μFET, large on/off ratio, and high electrical stability.[7, 216] These 
benefits arise from the unique ionicity in metal-oxide-metal (M-O-M) chemical bonding and high 
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overlapping of unoccupied metal ns orbitals (n>4) with oxygen p-orbitals belonging p-block 
metals.[10, 217]  
 The technology of solution-processed AOS TFT devices has rapidly developed in terms of new 
materials, process optimization, and novel synthesis for low-temperature and high-performance.[7] 
Diverse methods, such as composition variations,[17, 145] metallic nano-structure embedded 
semiconductors,[159, 160, 218] and high-k dielectric adoption[196, 219, 220] have all been proposed to 
achieve high performance solution-processed AOS TFTs. However, it is not easy to optimize the 
performance of solution-processed AOS TFTs in such parameters as high μFET, low threshold 
voltage (Vth), steep sub-threshold voltage swing (SS), electrical uniformity, and high on/off ratio. 
In particular, high-mobility-focused studies show low on/off ratio (and/or high off current) and 
large SS under process simplification.[140, 221-224] Additionally, these devices show large negative-
shifted Vth, limiting their capacity for the low power consumption beneficial to active matrix 
driving applications. In short, to achieve high performance in solution-process AOS TFTs, many 
issues must be overcome, including proper material selection, optimized processing, and 
identifying ideal structures. 
Here, we report novel structure-engineered AOS TFTs using a solution process to overcome the 
trade-off between high mobility and other parameters. We successfully demonstrate high 
performance confining structure-engineered AOS TFTs, which utilize a specially-designed layer 
with ultra-high density and high electron mobility. The electron barrier and the electrical 
compensation of the InGaZnO (IGZO) semiconductor, combined in a device with the confined 
conductor-like ultra-high density InSnZnO (ITZO), aids in modulating high mobility, low Vth and 
high on/off ratio. Based on this novel structure, we achieved a very high saturation mobility (μsat) 
of 22.16 cm2 V-1 s-1 in IGZO TFT with a very thin confined ITZO layer. This high-mobility 
93 
 
performance is the current state of the art in solution-processed IGZO TFTs, indicating that the 
proposed confining structure is key to improving electron transport in solution-processed 
electronic devices. Furthermore, solution-processed zirconium oxide (ZrOx) high-k dielectric 
IGZO TFT showed very high mobility of over 40 cm2 V-1 s-1 at low-voltage driving of 3 V.  
5.2. Experimental details 
Synthesis of metal oxide solutions: The 0.3 M IGZO solution was synthesized by dissolving 225.6 
mg of indium nitrate hydrate (In(NO3)3•xH2O, Aldrich, 99.999%), 95.9 mg of gallium nitrate 
hydrate (Ga(NO3)3•xH2O, Aldrich, 99.999%), and 68.8 mg of zinc acetate dihydrate 
(Zn(CH3COO)2•2H2O, Aldrich, 98%) in 5 ml of 2-methoxyethanol (2ME, Aldrich, 99%). Total 
mole ratio was 2:1:1 of In, Ga, and Zn. The ITZO solution was synthesized by dissolving various 
molar ratios of indium nitrate hydrate, tin chloride (SnCl2, Aldrich, 99.99%), and zinc acetate 
dihydrate in 2ME. Then, 1.0M monoethanolamine (C2H7NO, Aldrich, 99%) and 1.2M acetic acid 
(CH3COOH, EMD, 99.7%) were added to increase solubility and stability. After stirring 
vigorously for 1 h at 60°C, the solutions appeared transparent and homogeneous. 0.2M ZrOx 
solution was prepared by dissolving 233 mg of zirconium chloride (ZrCl4, Aldrich, 99.99%) in 5 
ml of 2-ME without stabilizer and stirring for 1 h at room temperature. All solutions were filtered 
through a 0.2 μm PTFE syringe filter, GE (Trevose, PA, USA). 
Thin film transistor fabrication and characterization: To fabricate the device, 100 nm SiO2 was 
thermally grown as a gate dielectric layer on the top of a heavily boron (p++)-doped Si wafer. The 
substrates were sonicated in acetone and isopropyl alcohol sequentially and then treated by an 
ultra-violet (UV) irradiation for 15 min to eliminate organic substances and to improve wettability 
for solution coating. IGZO and ITZO solutions were spin-coated onto a substrate at 3000 rpm for 
30 s and were pre-baked at 350°C for 10 min with each step for desired coating times, and then 
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were annealed at 450°C for 1 h in air, resulting in a structure of (IGZO(x)-ITZO(y)), with x and y 
indicated the number of times each layer was deposited, as shown in Figure 1. The aluminum (Al) 
source and drain (S/D) electrodes (thickness = 120 nm) were deposited by thermal evaporation 
with a metal shadow mask. The channel region was defined with a width of 1000 μm and a length 
of 150 μm (W/L). For ZrOx-based ITZO(2)-IGZO(1) TFT, ZrOx was spin-coated onto a p++ Si 
substrate at 2000 rpm for 20 s and was pre-baked at 350°C for 10 min. This procedure was repeated 
ten times to achieve a final thickness of 100 nm before annealed at 450°C for 1 h in air. ITZO(2)-
IGZO(1) stacked structure was fabricated on an as-deposited ZrOx substrate. Finally, Al S/D 
electrodes were deposited by thermal evaporation with a metal shadow mask.  
Film and device characterization: The microstructures and morphologies of the films were 
investigated using high-resolution transmission electron microscopy (HR-TEM, TECNAI F-20, 
FEI). The density, thickness, and roughness of the ITZO films were analyzed by x-ray reflectivity 
(XRR). The surface properties and compositions of the films were examined using an x-ray 
photoelectron spectroscopy (XPS, Omicron) and an ultraviolet photoelectron spectroscopy (UPS, 
Omicron). The optical transmittance of the films was determined using an UV-visible 
spectrophotometer (Cary 50, Varian). The electrical characteristics of the devices were measured 
in a dark box in ambient air using an Agilent 4155C semiconductor parameter analyzer. The 
parameter of TFTs was extracted from the conventional equations of metal oxide semiconductor 
devices10. Positive bias stress (tests with durations of 10,000s were performed using gate-source 
voltage (VGS) +20 V at a fixed drain-source voltage (VDS) of 10 V. 
Organic light-emitting diode (OLED) fabrication: OLED cells were fabricated on ITO substrate 
with poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) spin-coated as the 
hole injection layer (HIL), 4,4′-bis(9-carbazolyl)-biphenyl (CBP) as the host material, N,N’-
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diphenyl-N,N’-bis(3-methyl-phenyl)- [l,l’biphenyl]-4,4’-diamine (TPD) and 2-(4-biphenylyl)-5-
(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD) as the hole- and electron-transporting molecules, 
respectively. 4,7-diphenyl-1,10-phenanthroline (BPhen) was used as an electron-transporting and 
hole-blocking material. Ir(mppy)3 was used as the dopant material. (Lithium fluoride) LiF and Al 
were deposited by thermal evaporator. Detail methods were previously reported.[225] 
5.3. Multiple coating to enhance the density of solution-processed thin films 
We first investigated volumetric stacking structures of ITZO films for high density before we 
designed our conceptual devices (Figure 5.1). Typically, solution-processed oxide films have very 
low densities and contain many pores, or/and pinholes compared to vacuum-processed films.[22] 
To form high density with few structural defects in the ITZO layer, we deposited the desired film 
thickness through stacking several ultra-thin films, each 10 to 30Å thick. Surprisingly, the film 
density of ultra-thin ITZO layer was found to be 5.97 g/cm3 (Table 5.1). This film density shows 
a very similar value with as-sputtered films (5.50 to 6.27).[226] We then deposited a single IGZO 
layer on stacked ITZO structures with different ratios of In, Sn, and Zn, resulting in a IGZO TFT 
based on a stacked bilayer (about 30Å) of 0.03M ITZO showing the best electrical performance 
(Table 5.2, Table 5.3, Figure 5.2, and Figure 5.3). When using a ITZO concentration of 0.06 M, 
optimum thickness could be achieved by one coating, but μsat of the device was drastically 
decreased compared to that of the 0.03 M bilayer (from 20.37±1.29 to 7.54±0.22 cm2 V-1 s-1). This 
phenomenon can be attributed to structural defects and relatively high interfacial roughness 
between the ITZO and the SiO2/Si substrate, which can interrupt electron movement (Table 5.1). 
On the other hand, the interfacial and bulk defects of high-quality two-coating ITZO were 
noticeably decreased, which were originated from the stacked bilayer film promoted the filling of 
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structural imperfections such as pin-holes and pore regions at bottom layer result in the supporting 
of ultra-fast pathways for charged electrons.[222] 
 
Figure 5.1 XRR analysis of different coating times and molar concentration. (left) 0.06 M ITZO 
with one coating and 0.03 M ITZO with two coating. (right) 0.3 M ITZO with a single coating and 
0.03 M ITZO with ten coatings. 
 
Table 5.1 Extracted parameters of simulation fitting on 0.03 M x 2 coatings, 0.6 M x 1 coating, 
0.03 M x 10 coatings, and 0.3 M x 1 coating of ITZO solutions. 
ITZO films Density (g cm-3)
 
Thickness (Å) Roughness (Å) 
0.03 M x 2 coating 5.97 42.88 5.28 
0.06 M x 1 coating 5.56 48.45 5.24 
0.03 M x 10 coating 6.04 244.78 9.01 
0.3 M x 1 coating 4.67 249.35 6.61 
 
Table 5.2 Extracted parameters of ITZO-IGZO TFTs with varying concentrations of ITZO (9:1:3) 
layer at same thickness. 
Mole 
concentration 
(M) 
Coating 
times 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/off SS 
(V dec.-1) 
0.02 3 16.57±0.63 8.20±0.46 ~10
7 0.54±0.03 
0.03 2 20.37±1.29 5.29±2.06 ~10
7 0.72±0.35 
0.06 1 7.54±0.22 5.91±1.50 ~10
7 0.56±0.03 
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Table 5.3 Extracted parameters of ITZO-IGZO TFTs with varying compositions of In, Sn, and Zn. 
Confined 
layer molar 
ratio 
(In : Sn : 
Zn) 
Upper layer 
molar ratio 
(In: Ga: Zn) 
µsat 
(cm2 V-1 s-1) 
Vth 
(V) 
Ion/off 
SS 
(V dec.-1) 
9 : 1 : 1 
2 : 1 : 1 
21.27±3.84 9.69±2.10 ~107 0.51±0.04 
9 : 1 : 3 20.37±1.29 5.29±2.06 ~107 0.72±0.35 
9 : 1 : 5 17.34±2.08 5.53±2.47 ~107 0.67±0.10 
9 : 2 : 3 13.07±3.57 11.88±0.09 ~107 0.60±0.01 
9 : 3 : 3 13.27±0.43 10.77±1.39 ~107 0.58±0.04 
9 : 4 : 3 14.56±0.11 8.22±0.77 ~107 0.68±0.04 
9 : 5 : 3 15.07±1.85 6.35±2.60 ~10
7 0.59±0.48 
8 : 1 : 3 14.54±0.37 11.92±3.94 ~107 0.63±0.08 
7 : 1 : 3 8.34±1.53 12.35±2.83 ~106 0.76±0.18 
6 : 1: 3 11.32±3.37 7.37±4.01 ~106 0.96±0.27 
5 : 1 : 3 10.57±0.51 9.05±5.17 ~106 0.74±0.18 
0 : 1 : 1 18.20±1.07 4.69±1.13 ~107 0.82±0.19 
0 : 3 : 2 19.36±1.06 7.46±0.84 ~107 0.60±0.05 
1: 0 : 0 26.57±3.57 0.41±0.09 ~103 9.24±3.20 
0 : 1 : 0 1.22±0.20 13.59±1.05 ~103 1.65±0.13 
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Figure 5.2 (Top) Contour mapping and (bottom) mobility variations of ITZO-IGZO TFTs with 
varying compositions of In, Sn, and Zn. 
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Figure 5.3 Electrical variations of confined IGZO layer based IGZO TFTs with varying coating 
times of confined layer. 
5.4. Structure engineering of oxide TFTs 
Our key concept schematic and device characteristics of confining structure-engineered IGZO 
TFTs are shown in Figure 5.4. While the μsat of IGZO TFT without an ITZO layer was 1.56 cm2 
V-1 s-1 as shown in Figure 5.4a, the μsat of the bilayer ITZO stacked IGZO TFT was dramatically 
increased as much as 22.16 cm2 V-1 s-1. The single-layer ITZO-stacked IGZO TFT also had a μsat 
of 3.81 cm2 V-1 s-1, demonstrating that the mobility increased more than twice compared to the 
IGZO TFT. With additional ITZO layers, the mobility was dramatically increased, and the 
characteristics of on/off ratio and SS were also improved (Figure 5.4e). However, in case of the 
IGZO TFT with the ITZO triple layer, the increase of the mobility was not as noticeable compared 
to that of the twice-stacked ITZO. Furthermore, the on/off ratio was decreased from 107 to 103, 
and the SS also deteriorated considerably from 0.30 to 3.79 V dec-1. These results are consistent 
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with previous reports on the trade-off between mobility and other parameters of TFTs.[159, 222, 227] 
The bilayer ITZO-stacked IGZO (hereafter, referred to as ITZO(2)-IGZO(1)) TFT had maximized 
mobility, high on/off ratio, a very small SS, and a proper turn on voltage around 0 V. 
 
Figure 5.4 Device schematics (up) and transfer characteristics (down) of ITZO-IGZO TFTs. a) No 
ITZO addition. b) Single ITZO layer. c) Double ITZO layers. d) Triple ITZO layers. e) Extracted 
device parameters of ITZO-IGZO TFTs with different coating times of ITZO layer. f) Output 
characteristics of IGZO and ITZO(2)-IGZO(1) TFTs. g) Vth variations of IGZO and ITZO(2)-
IGZO(1) TFTs under positive bias stress test. 
ΔVth of ITZO(2)-IGZO(1) TFT under stability testing was dramatically suppressed compared to 
that of IGZO TFT (from 17.06 to 5.01 V, Figure 5.4g and Figure 5.5). Typically, the SS value 
reflects ΔVth related to the interface trap density (Nit) between the semiconductor and the gate 
dielectric.[226, 228] Based on the result of SS values in ITZO(2)-IGZO(1) and IGZO TFTs, they 
showed different values, which indicated 0.67±0.10 and 1.05±0.08 V dec-1, respectively. The 
calculated interface trap density of ITZO(2)-IGZO(1) and IGZO TFTs was 8.06 x 1011 cm-2 and 
3.09 x 1012 cm-2, respectively, consistent with the change in the Vth. This result can be explained 
through the improvement of the film density and smooth interface by the structural engineering 
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(Table 5.1).[17] In other words, the distribution of structural defects that could affect the electron 
path of accumulated electrons was remarkably reduced with ITZO(2)-IGZO(1) TFT in the 
interface between the channel and the gate dielectric.  
 
Figure 5.5 Positive bias stress tests of (left) IGZO and (right) ITZO-IGZO TFTs under gate bias 
voltage of 20 V and drain bias voltage of 10 V for varying times. 
To obtain further insight into the microstructural properties (Figure 5.6) of IGZO TFTs with 
different confined structures, we have analyzed the nanostructure of the films using cross-sectional 
high resolution-transmission electron microscopy (HR-TEM). The ITZO(2)-IGZO(1) structure 
(Figure 5.6c) showed a distinct separation between the ITZO and IGZO layers. A high-quality 
stacked ITZO layer could offer very fast electron transportation and very few electron trap sites. 
This result also corresponded to the excellent reliability and hysteresis characteristics (Figure 5.4c 
and Figure 5.4g) of TFTs. On the other hand, surprisingly, it was difficult to confirm a clearly 
single ITZO interfacial layer (formed with 10 to 20 Å) compared to a single IGZO layer. 
Furthermore, it was found out that there was an unexpected variation composition ratio across the 
films (Figure 5.7 and Table 5.4). As a result, even though the mobility was increased compared to 
that of a single-layer IGZO TFT, the mobility was still much smaller than that of ITZO(2)-IGZO(1) 
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structure. Although these results are still unclear for the crucial evidence of low mobility, we think 
that these results could be attributed to the formation of island structures on ITZO, which 
transferred into the IGZO layer through the annealing process. Therefore, the existence of a 
partially distributed ITZO layer could be insufficient to boost mobility. 
  
 
Figure 5.6 Cross-sectional HR-TEM images of the IGZO layer confined ultra-thin ITZO film. a) 
No ITZO addition. b) Single ITZO layer. c) Double ITZO layers. 
 
 
Figure 5.7 Point EDX analysis and cross-sectional HRTEM images of (a) IGZO, (b) ITZO(1)- 
IGZO(1), and (c) ITZO(2)-IGZO(1) structures. 
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Table 5.4 Composition ratios of the ITZO(1)-IGZO(1) film by EDX analysis (squared points in 
Figure 5.7) 
Position Atomic ratio (%) 
In Ga Zn 
1 16.04 7.33 7.02 
2 10.93 2.08 2.04 
3 8.38 3.09 2.24 
5.5. Band alignment and carrier confinement in dual layer oxide TFTs 
The carrier concentration of IGZO, ITZO(2)-IGZO(1), and ITZO were measured to be 3.9 x 1016, 
2.6 x 1017, and 3.0 x 1019 cm-3, respectively. In case of ITZO (Figure 5.8a), the high conductivity 
can be attributed to the additional electrons provided by substituting Sn4+ on In3+ sites, allowing 
Sn4+ to act as a one-electron donor, showing conductive TFT modulation by high carrier 
concentration. As for the ITZO(2)-IGZO(1) film, a moderate carrier concentration was observed 
between IGZO and ITZO. However, this result is insufficient in explaining the mechanism of 
controlling the characteristics of the Vth and the on/off ratio. To find evidence of the modulation 
of the on/off ratio and the Vth independent of the mobility increase of the ITZO(2)-IGZO(1) TFT, 
we carried out band alignment (Figure 5.8b) between ITZO and IGZO by UPS measurement. Here, 
the bandgap could be extracted directly by absorption coefficient. 
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Figure 5.8 Correlation of ITZO and IGZO films and devices. a) Transfer characteristics of IGZO, 
ITZO, and ITZO-IGZO TFTs. b) ITZO-IGZO bend structure schematic for the barrier formation 
on electron path blocking between IGZO and ITZO layers. 
 
Comparing the carrier concentrations, the Fermi level of ITZO was located much closer to the 
conduction band minimum (CBM) compared to IGZO. The distance from the CBM to the Fermi 
level of IGZO and ITZO is 0.31 and 0.15 eV, respectively, and the bandgap of ITZO was smaller 
than that of IGZO (Figure 5.9). With regard to the work function (Φ) calculated by UPS 
measurement, band bending occurred and can reflect the positive bias between the drain and 
ITZO(2)-IGZO(1) region. 
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Figure 5.9 (Left) Transmittance and (right) optical bandgap of ITZO and IGZO films. 
 
Interestingly, it was found that the electrons donated to the conduction band had the barrier height 
(ΦB) of 0.15 eV between IGZO and ITZO. That is, IGZO can modulate off current and Vth through 
the offsetting by the barrier through the confined ITZO layer. This result is different with a lightly 
doped drain (LDD) structure, due to the fact that an IGZO semiconductor layer can act as an 
electrical compensation film in terms of Vth and off current modulation.
[229, 230] 
To investigate the possibility of improved features of a high-k material based on the new confined 
multi-structure, we fabricated solution-processed ZrOx gate dielectric based ITZO(2)-IGZO(1) 
TFTs. Solution-processed high-k dielectrics (Al2O3,
[181] ZrO2,
[231] Zr doped Al2O3,
[223] Y2O3
[232]) 
bring about an increase in field-effect mobility by an excellent heterogeneous interfacial layer 
formed with metal oxide semiconductors. The capacitance (Figure 5.10a) and the leakage current 
density (Figure 5.10b) of the solution-processed ZrOx dielectric is shown. High capacitance per 
unit area was 108.7 nF cm-2 at 1 kHz with a high relative dielectric constant of 19.1, and the leakage 
current was 10-4 A cm-2 at 3 MV cm-1. Figure 5.10c shows the transfer characteristics of a ZrOx 
gate dielectric based ITZO(2)-IGZO(1) TFT. Surprisingly, μsat was 40.03 cm2 V-1 s-1 with a Vth of 
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1.7 V, an on/off ratio of over 106, and a SS of 100 mV dec-1. Generally, the high-k dielectric shows 
the slow polarization originating from mobile charges, which can lead to an increase of the charge 
induced in the semiconductor. This overestimates mobility over long time scales (i.e. ~100s).[232] 
Therefore, we carefully calculated the mobility using the value of capacitance (~ nF cm-2) of 1 Hz 
by extrapolating capacitance data measured from 20Hz to 1 MHz.[233] As the result, the mobility 
was found to be 40.03 cm2 V-1 s-1 at 1 Hz and 40.77 cm2 V-1 s-1 at 1 kHz. Additionally, the device 
exhibited clear pinch-off behavior (Figure 5.10d) under different inducing gate voltages. This 
structure based on high-k dielectric device showed high performance with not only high mobility, 
but a low driving voltage of 3 V. 
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Figure 5.10 Device performance of solution-processed gate dielectric based ITZO-IGZO TFT. a) 
Capacitance per unit area and b) leakage current density of the ZrOx dielectrics using metal-
insulator-metal (MIM) structure. Capacitance of 110.7, 108.7, and 104.9 nF cm-2 occurred at 1 Hz, 
1 kHz, and 1 MHz, respectively. Inset image (inside a) indicated MIM (ITO/ZrOx/Al) structure. c, 
d) transfer and output characteristics of ITZO(2)-IGZO(1) TFT at a low voltage driving. 
5.6. OLED driven by oxide TFTs 
Finally, we successfully demonstrated the ITZO(2)-IGZO(1) TFTs based OLED cells on glass 
substrate (Figure 5.11). As an increase of the gate voltage (0 to 20 V), the brightness of OLEDs 
could be controlled by sufficient current supplying. 
(a) (b)
(c) (d)
108 
 
 
Figure 5.11 Organic light-emitting diode performance of ITO/PEDOT:PSS/Ir(mppy)3:TPD:PBD: 
CBP/BPhen/LiF/Al is driven by ITZO(2)-IGZO(1) TFTs. 
5.7. Summary 
In conclusion, we developed an ultra-high quality solution-processed ITZO layer. Based on 
confining the ITZO layer into IGZO, we successfully demonstrated a IGZO TFT with a very high 
mobility (22.16 cm2 V-1 s-1). Though the confined-ITZO IGZO TFT exhibited a mobility over ten 
times higher than that of a single layer based IGZO TFT (from 1.56 to 22.16 cm2 V-1 s-1), the very 
high on/off ratio was maintained (~107). Through band alignment, we could find crucial evidence 
for the high performance in terms of the effective flow control of electrons by the barrier formed. 
In the bias stability test, the ΔVth of ITZO(2)-IGZO(1) TFT was much smaller than that of the 
single channel layer based IGZO TFT. This improvement in the mobility and the reliability can be 
obtained by very high quality ITZO films and interfaces. Additionally, the solution-processed ZrOx 
gate dielectric based ITZO(2)-IGZO(1) TFT was successfully demonstrated to have a high field-
effect mobility of 40.03 cm2 V-1 s-1 at even low operating voltage (3 V). This new solution-
processed approach is highly expected to be applicable for the mobility and reliability of solution-
processed oxide electronics.    
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6. Oxide semiconductors based potentiometric biosensors 
6.1. Introduction 
Biosensors are of paramount importance in the field of medical diagnostics,[234] agriculture,[235] 
food industries,[236] environmental monitoring,[237, 238] as well as national security.[239] Particularly, 
as we prepare for an aging society in the coming years, there are emerging demands for a new 
paradigm of medical services that can provide point-of-care testing with high accuracy and low 
cost, among which biosensors are a possible application.[240] To this end, new technologies for the 
development of wearable medical devices that can assist in the chronic disease management and 
vital signal monitoring have been highly sought after.[241-245] Adoption of the ubiquitous field-
effect transistors (FETs) has been proposed as one of the most promising leading biomedical 
technologies and devices as the core sensing component, due to its intrinsic amplification, rapid 
label-free detection, and its amenability for scale-up and integration with signal processing 
electronics.[246-248]  
In a conventional FET channel, the current flow from source to drain is electrostatically modulated 
by gate potential, which is capacitively coupled through a dielectric layer.[58, 249] In the case of a 
bio-FET, the traditional gate and dielectric structure is replaced by the reference electrode, specific 
biomolecule receptors on the sensing surface, and electrolyte in between the electrode and 
surface.[250, 251] Although the operation of the biological element can vary, as a potentiometric 
device, the performance of a Bio-FET normally relies on the effective charge of a binding 
biological analyte over the channel surface, which induces a change in the effective gate potential. 
The variations then transduce into readable signals through changes in the electrical characteristics 
of the FET.  
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In order to develop highly-sensitive Bio-FETs, there has been a great deal of work done in 
identifying an appropriate channel material and device structure. Recent work has reported Bio-
FETs based on one-dimensional (1D) and two-dimensional (2D) nanostructures such as 
nanowire,[132, 252] nanotube,[253] nanobelts,[106] and nanosheets.[101, 254-256] Theoretically, such 
nanostructures have a higher surface-to-volume ratio and better gating effect compared with bulk 
semiconductors[257] and are therefore more sensitive to analytes, with sensitivity defined as the 
relative change in drain current in response to a change in bonded biomolecule density. More 
importantly, single molecule detection may be possible since the nanoscale Bio-FETs have 
dimensions comparable to the sizes of many biomolecules.[258] Although those nanostructure Bio-
FETs possess high sensitivity, both production and application pose major challenges due to 
significant device-to-device variation and complicated process integration.[113, 259, 260] 
One class of material that has received significant attention over the years as a leading candidate 
for large-scale, flexible and transparent electronic devices, is the oxide semiconductor.[10, 56, 65] In 
its intrinsic form, the oxide semiconductor has a high optical transparency (bandgap > 3.0 eV) and 
behaves as an n-type material with high electron mobility (> 10 cm2 V−1 s−1), even in the 
amorphous phase, allowing for large-scale electron device fabrication with high yield and 
uniformity. The high tolerance of structural defects and the minimized band tail trapping[261] of 
oxide semiconductors allow oxide TFTs to be processed at a temperature compatible with flexible 
substrates (<350 oC) and make the solution process a convenient and feasible approach to deposit 
high-performance semiconductors on large scale at low cost.[92, 262-264] Previously, aqueous metal 
oxide precursor solutions[161, 162, 190, 265-268] were successfully used to fabricate high-quality oxide 
semiconductors with ultrathin thicknesses of 3.5 nm, high uniformity, and a smooth surface 
111 
 
roughness average of 0.113 nm.[269] This ultrathin oxide semiconductor can be designated a quasi-
2D material as its 3.5 nm thickness is even smaller than many nanostructures mentioned previously.  
With such a oxide semiconductor device, the ultrathin channel allows for better control of the 
device’s channel and its turn-on characteristics, compared to a thicker channel.[270] As the carriers 
in the quasi-2D semiconductors are confined within the 3.5 nm thickness in the surface normal 
direction, electronic perturbation at the semiconductor surface can induce a remarkable effect on 
the transistor conductance. Here, we present a quasi-2D oxide semiconductor-based Bio-FET and 
establish a proper characterization protocol to examine various performance metrics and identify 
high sensitivity. Comparisons conducted between various nanostructure Bio-FETs show that 
quasi-2D Bio-FETs yield superior performances while requiring simple processing. By 
understanding the correlation between channel material properties and performance metrics, we 
provide performance benchmarks and guidelines for the design of stable and sensitive Bio-FETs 
for various sensing applications. 
6.2. Experimental details 
Precursor Preparation: 0.1 M Quasi-2D In2O3 precursor was prepared by dissolving 0.3 g of 
indium nitrate hydrate (In(NO3)3·xH2O, Aldrich, 99.999%) in 10.0 mL of deionized (DI) water 
(Sigma). 
Device Fabrication: The transistor has a bottom-gate top-contact architecture. P++ highly doped 
silicon wafer with 200 nm thermal oxide was purchased from UniversityWafer and cut into pieces 
as substrates. Substrates were sonicated in acetone and isopropyl alcohol respectively to remove 
grease and dust. Afterward, substrates were treated with ultraviolet irradiation for 10 minutes to 
remove organic residues and to improve wettability. The In2O3 precursor was spin-coated on 
substrates at 3000 rpm for 30 s. As-spun films were pre-baked at 100 °C for 1 min followed by 
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thermal annealing at desired temperature for 3 hours. 10 nm of titanium and 30 nm of gold were 
sequentially deposited using e-beam evaporator through the shadow mask to form interdigitated 
source and drain electrodes. The transistor channel length and width were estimated to be 6150 
µm and 150 µm, respectively. 
Surface Functionalization and Immobilization: Electrodes were protected from electrolyte 
environment by anchoring 1-dodacanethiol (DDSH) molecules on the gold surface through the 
sulfur terminating the alkyl thiol chains, which behaves as an ideal polarized electrode and 
suppress the charge transfer across the metal-solution interface.[271] The substrates were incubated 
in a 1 mM ethanolic solution of 1-dodecanethiol (DDSH, CH3(CH2)11SH) for 1 h and rinsed with 
ethanol. Thereafter, the substrates were silanized in a 1% ethanolic solution of (3-
aminopropyl)triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3) for 24 h, rinsed with ethanol, and 
then dried with flowing nitrogen to form an amine-terminated sensing surface. For glucose sensing, 
two steps were followed to form boronic acid terminated group[272, 273]. Firstly, substrates were 
immersed in 20 mM glutaraldehyde (GA, CH2(CH2CHO)2) in a phosphate-buffered saline (1X 
PBS) solution for 24 h and rinsed with DI water. Finally, substrates were immersed in 10 mL of 
1X PBS solution containing 0.1 g of 3-Aminophenylboronic acid (APBA, H2NC6H4B(OH)2) and 
0.4 g of sodium cyanoborohydride (NaBH3CN) for another 24 h. 
Film and Device Characterization: XRR and GIXRD measurements were performed on a Jordan 
Valley D1 diffractometer using Cu Kα1 radiation. Both the XRR and the GIXRD used double axis 
diffraction. The incident angle in GIXRD was kept at 0.5 deg, and the count time and step size for 
GIXRD were 5 second and 0.05 degree, respectively. Jordan Valley REFS 4.5 software was 
utilized to fit the XRR experimental data to determine film density, thickness, and roughness or 
grading characteristics. The chemical properties of the films were examined using X-ray 
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photoelectron spectroscopy (Kratos XPS Axis Ultra DLD). The device measurements were 
performed using an Agilent 4155C Semiconductor Parameter Analyzer. For the top gate 
measurement, a silver chloride electrode (World Precision Instruments, Super Dri-Ref Reference 
Electrode) was used as the gate to guarantee the stable operation of a biosensor. A 
polydimethylsiloxane (PDMS) solution reservoir chamber was used to define the contact area of 
the analyte solution. When conducting pH sensing, solutions for each pH buffer (100 μL, 100 mM) 
were introduced into the PDMS chamber using a syringe. Solution to be analyzed was used to 
flush the PDMS chamber in between measurements. When conducting glucose sensing, 50 μL of 
PBS solution was first added into PDMS chamber and baseline was recorded. glucose solutions (2 
μL) of increasing concentration were added into PDMS chamber consequently. 
6.3. Structure analysis of ultrathin oxide semiconductors 
The quasi-2D In2O3 thin films used in the Bio-FETs were fabricated following our previous 
reports[265] and X-ray reflectivity (XRR) measurements and simulations verified that a 
representative film with 3.5 nm thickness, 0.4 nm surface roughness and an average density of 5.3 
g/cm3 was obtained (Figure 6.1a). A representative grazing incidence X-ray diffraction (GIXRD) 
plot of the film is shown in Figure 1b and showed the weak peak of (222)-In2O3 preferred 
orientation, which indicates that the film had nanocrystalline structure. Controlling the crystalline 
structure of the film is crucial in determining the electrical properties of quasi-2D In2O3 thin film 
and we will discuss how it affects the biosensor performance later. The device structure and 
schematic representation of the quasi-2D In2O3 Bio-FET are shown in Figure 6.1c and Figure 6.1d, 
respectively. 
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Figure 6.1 Qusi-2D In2O3 thin film and Bio-FET. (a) X-ray reflectivity measurement and 
simulation result of quasi-2D In2O3 thin film. (b) Grazing incidence X-ray diffraction pattern of 
quasi-2D In2O3 thin film, indicating that it is crystallized. The dashed line indicates the peak 
position in PDF. (c) Bio-FET structure and measurement configuration. (d) Schematic 
representation of bio sensing scheme. 
6.4. Biosensor performance evaluation and pH sensing 
In order to evaluate the performance of the quasi-2D Bio-FET, it makes sense to first understand 
the general principles behind the operation of a Bio-FET in the aqueous salt environment (pH 4 
buffer solution, 0.1 M). As seen in Figure 6.2a, in the “on” state, the output curves demonstrate 
clear ohmic behavior with a well-defined linear regime at low bias, and the drain current saturates 
upon further increase in the bias voltage. The saturation behavior is similar to the pinch-off effect 
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in conventional silicon FETs which is caused by a local accumulation of carriers around the drain 
electrode. All current-voltage (I-V) curves passing through the origin point indicate the minimal 
contribution of the gate leakage current (IAg/AgCl) to the drain current (ID). Also, the linear region 
shows no rectifying behavior, even when gate bias (VAg/AgCl) is 0.7 V. The transfer curve in semi-
logarithmic scale at a constant VD = 0.1 V (in the linear region) and VD = 0.5 V (saturation region) 
showed clearly a turn-on voltage of -0.316 V and on/off ratio greater than 104. The typical IAg/AgCl 
is measured to be at least two orders of magnitude smaller than ID, and can be further reduced by 
patterning the channel region. The subthreshold swing (SS) is determined empirically from the 
transfer curve shown in Figure 6.2b, using the following equation: 
 
SS =
dV𝐴𝑔/𝐴𝑔𝐶𝑙
d(log 𝐼𝐷)
      (1) 
 
The quasi-2D In2O3 Bio-FET had an SS value of 81.3 mV dec
-1 and showed an excellent aqueous 
electrolyte dielectric property. Although for conventional FET, the thermodynamic limit is 60 mV 
dec-1, the SS in our devices can be further improved by suppressing metal oxide surface defects 
and optimizing the surface decoration process. For evaluation of transistor performance, the 
transconductance (gm) of the quasi-2D Bio-FET was calculated from an ID-VAg/AgCl curve using 
the following equation: 
𝑔𝑚 =
𝑑𝐼𝐷
𝑑𝑉𝐴𝑔/𝐴𝑔𝐶𝑙
=
𝑊
𝐿
𝐶𝐷𝐿𝜇𝐹𝐸𝑉𝐷     (2) 
 
Here W is the channel width, L is the channel length, and CDL is the electrical double layer’s 
capacitance per unit area in 0.1 M ionic strength aqueous solution reported previously (25.52 µF 
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cm-2)[100]. Figure 6.2c shows that ID and gm increased with increasing VAg/AgCl and a maximum gm 
of 9.38 mS was obtained at a drain voltage bias of 0.5 V at VAg/AgCl =0.472 V. We extracted a µFE 
of 18 cm2 V-1 s-1 from top gate driving, which was impressive considering its simple process and 
superiority to other electrolyte-gated oxide TFT reported.[100, 109, 124, 274-278] 
 
Figure 6.2 Quasi-2D In2O3 thin film transistor operated using aqueous salt gate. (a) Output 
characteristics. (b) Transfer characteristics in semi logarithmic scale under different drain bias. (c) 
Transfer characteristics and transconductance plot in linear scale (d) Signal-to-noise ratio as a 
function of drain current. 
Quasi-2D metal oxide TFT have several unique properties and advantages. First, due to the nature 
of solution processing, solvent evaporation and precursor decomposition typically leave behind 
nanopores in the film during deposition[279]. An ultra-thin film minimizes the formation of 
nanopores and yields high film density[156]. Secondly, there are reduced shallow trap densities per 
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area in the ultra-thin semiconductor channel. As a result, SS improves, which leads to fast ﬁlling-
up of states as the Fermi level moves toward the conduction band when the FET switches from the 
off-state to on-state.[280, 281] Last but not least, as channel thickness is much smaller than the Debye 
length of the metal oxide,[107, 282] bulk accumulation is possible and contributes to better gate 
control. The µFE extracted from top gate driving was very similar to the one extracted from the 
bottom gate driving (19 cm2 V-1 s-1, Figure 6.3). This result indicates that different dielectric-
semiconductor interfaces have little influence on the field-effect mobility,[100] which is likely due 
to bulk conduction in ultra-thin semiconductor films, and can lead to improved µFE and device-to-
device uniformity.[283] However, further study such as device simulation will be needed to verify 
the last argument. 
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Figure 6.3 Field-effect mobility of 350OC annealed Quasi-2D In2O3 extracted from back gate 
driving, showing similar value extracted from top gate driving. 
As describe in equation (1), transconductance indicates how sensitive the sensing signal is in 
response to a gating effect. However, the signal noise also increases with increasing sensing 
current (Figure 6.4a) and there exists a trade-off between maximizing gm and minimizing current 
noise power density (SI). As a consequence, Signal-to-Noise ratio (SNR) was proposed as an 
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important performance metric for sensor devices to determine the limit of detection (LOD)[284-286] 
by taking into account signal transduction as well as noise limitation, and can be written as 
SNR =
∆Φ𝑠×𝑔𝑚
√𝐵𝑊×𝑆𝐼(𝑓=1𝐻𝑧)
    (3) 
SI (f=1Hz) is the drain current noise power density at 1Hz (Figure 6.4b), while BW is the 
measurement bandwidth, respectively. In the rest of the discussion, we shall refer to SNR for BW 
= 1 and ∆Φ𝑠 = 1 V for fair comparison with literature.
[99] As seen in Figure 6.2d, SNR was high in 
the subthreshold region and decreased with increasing sensing current. This is crucial information 
as it determined the proper gate bias to use in a real-time sensing scheme. A peak SNR of ~105 V-
1 translated into a minimum detectable voltage of 30 µV (SNR = 3), and assuming a Quasi-2D 
Bio-FET top gate capacitance of 2.35×10-5 F, we obtained the minimum detectable charge to be 
around 7.06×10-10 C. Assuming each analyte molecule carries one charge, the platform is 
theoretically capable of sensing analytes with concentration as low as 7 fM. With an ideal pH 
sensitivity of 60 mV/pH for the Quasi-2D Bio-FET, we obtained a LOD in terms of pH of 0.0005. 
 
Figure 6.4 Noise analysis of the sensing current (ID) for the Quasi-2D In2O3 Bio-FET with 100 
mM buffer solution at pH 4. (a) Dependence of ID noise power spectra (SI) on ID, showing a power 
law dependence on sensing current with exponent close to 2. (b) SI is observed to have a power 
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law dependence on frequency with exponent of ~1. Similar SI dependence is also observed for a 
Quasi-2D In2O3 FET only (i.e. without solution and reference electrode). 
 
It is well known that processing temperature greatly affects the thin film structure and the device 
performance. We examined the electrical performance of both amorphous and polycrystalline 
structure Quasi-2D Bio-FETs, which were annealed at 250 °C (Figure 6.5) and 350 °C, 
respectively [265]. Compared with their polycrystalline counterparts, amorphous In2O3 Bio-TFTs 
had a positively shifted turn-on voltage (Von) and a much lower maximum gm of 0.9 mS. The 
extracted µFE from the top gate and back gate devices were around 2 cm
2 V-1 s-1. To understand the 
difference in electrical performance, X-ray photoelectron spectroscopy (XPS, Figure 6.6) analysis 
was conducted, revealing that the 350 °C annealed film had a higher proportion of oxide lattices 
and oxygen vacancies than that of the 250 °C film. The higher annealing temperature (350 °C) 
promotes the dehydroxylation and conversion of the indium hydroxide into the In2O3 crystalline 
lattice while also increasing the oxygen vacancies and electron concentration in the thin film. 
 
Figure 6.5 Device performance of 250oC annealed Quasi-2D In2O3 Bio-FET. Field-effect mobility 
extracted from (a) back gate driving and (b) top gate driving are similar. (c) Transfer characteristics 
and transconductance plot in linear scale, showing maximum transconductance of 0.9 mS, which 
is 10 times smaller than 350oC annealed devices under the same drain bias. 
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Figure 6.6 X-ray photoelectron spectroscopy (XPS) analysis of O 1s peak for Quasi-2D In2O3 
annealed at different temperatures. Dash lines mark the local maximum in the spectra. OO stands 
for oxygen lattice, OV stands for oxygen vacancy and OOH stands for hydroxide. From the XPS 
analysis we can see that compared with 250 oC, 350 oC annealing can convert hydroxide into oxide 
more completely while the oxygen depletion region increases slightly due to elevated temperature. 
To understand the importance of µFE and Von on biosensing intuitively, pH sensing was conducted 
using Bio-FETs annealed at 250 °C and 350 °C, respectively. The pH sensing is based on the 
protonation/deprotonation of the channel surface terminating groups depending on the pH value 
of the electrolyte, thereby changing the channel surface potential. For Bio-FETs whose channel 
surface is functionalized with APTES, a linear dependence of the surface potential on the 
electrolyte pH is expected[287]. The channel sensing surfaces were exposed to 100 mM buffer 
solution with various pH values and resulting transfer curves were analyzed. Measurements 
showed that ID increased with VAg/AgCl with the same SS, irrespective of the pH value (Figure 6.7a), 
which consequently produced a linear shift of turn-on voltage Von (Figure 6.7b) and an exponential 
dependence of ID in the subthreshold region (Figure 3c). The role of APTES is to protect Quasi-
2D oxide films and to provide a sensing surface with pH sensitivity reaching the Nernst Limit (60 
mV/pH, Figure 6.8) regardless of oxide surface properties. However, Quasi-2D Bio-FETs 
annealed at 250 °C showed a µFE almost ten times smaller than those annealed at 350 °C. Similarly, 
the sensing signal (ID) was smaller for Quasi-2D Bio-FETs annealed at 250 °C and only increased 
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1.7 times per pH in the subthreshold regime, while the Quasi-2D Bio-FETs annealed at 350 °C 
increased by 2.5 times per pH. 
 
Figure 6.7 Quasi-2D In2O3 Bio-FET as a pH sensor (a) transfer characteristics after exposure to 
varying pH. (b) Turn-on voltage versus pH. (c) Sensing current versus pH (d) Sensitivity versus 
sensing current. 
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Figure 6.8 Threshold voltage versus pH for 350 °C annealed Bio-FET with and without APTES 
decoration. Bare In2O3 surface gives a pH sensitivity of 41 mV/pH, much lower than the Nernst 
Limit. This is possibly due to buried OH sites[288] and reduced surface buffer capacity,[289] and has 
been reported previously.[106, 290] 
Sensitivity, as another important performance metric, is defined as the relative change in the 
sensing signal corresponding to a unit change in the pH value. Figure 6.7d shows the comparison 
of sensitivities between Bio-FETs annealed at different temperatures. From these comparisons, we 
found that the devices annealed at 350 °C showed a larger sensitivity in the entire operation regime, 
reaching peak sensitivity ~1 in the subthreshold region. A comparison of the sensitivities of Bio-
FETs made with various materials is summarized in Table 6.1. 
 
Table 6.1 Comparison of quasi-2D In2O3 with other nanoscale semiconductors for Bio-FET 
application 
Nanoscale Semiconductors Graphenea) Silicon 
Nanowireb) 
MoS2 
Nanosheeta) 
Quasi-2D 
In2O3
c) 
Dimension [nm] 7 30 5 3.5 
Maximum Sensitivity ΔI/I 
[pH-1] 
0.02 1.3 1.9 ~1 
Comments No bandgap Batch-to-batch variation 
Challenging process 
integration 
Simple process 
High 
reproducibility 
a) Sarkar, Deblina, et al. "MoS2 field-effect transistor for next-generation label-free biosensors." 
ACS Nano 8.4 (2014): 3992-4003; b) Zafar, Sufi, et al. "A comparison between bipolar transistor 
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and nanowire field effect transistor biosensors." Applied Physics Letters 106.6 (2015): 063701; c) 
This work. 
 
Devices annealed at 250 °C showed a positively shifted Von and required bias in order to be 
optimized.  To achieve optimal SNR and sensitivity, it was found that the devices had to be gate-
biased at VAg/AgCl = 0.37 V in the sensing scheme. In contrast, the 350°C annealed devices could 
be gate-biased close to 0 V. This is an important note as higher gate bias not only induces charge 
injection and ion migration at the semiconductor/liquid interface (in addition to possible signal 
drifting)[127] but also increases the power consumption. So in the latter part of the discussion, we 
selected 350 °C annealed Bio-FET decorated with APTES and bias the devices in the subthreshold 
regime  to achieve the best performance for biosensing.[291] 
6.5. Glucose sensing 
Next, the specific sensing of biomolecules using the Quasi-2D Bio-FET was investigated through 
the boronic acid-glucose interaction where the boronic acid and glucose act as models for receptor 
and target molecules, respectively. Figure 6.9a shows the operation principle of glucose detection: 
A Quasi-2D oxide surface functionalized with boronic acid was exposed to glucose environment 
and the bound glucose molecules created boronate anions to modulate the electronic transport 
properties of the Bio-FET in a concentration-dependent manner. The detailed surface 
functionalization process is illustrated in Figure 6.10. Figure 6.9b shows that a device 
functionalized with boronic acid exhibited a significant decrease (18%) in sensing current upon 
the addition of 3 pM glucose solution (in 0.1X PBS). This is in agreement with the effect of 
boronate anion-glucose electrostatic gating, which depletes electron carriers at the 
semiconductor/liquid interface in the n-type In2O3 film. The whole process is reversible and the 
device can return to the baseline after immersing in DI water for a while. 
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Figure 6.9 Quasi-2D In2O3 Bio-FET as glucose sensor. (a) Illustration of the principle of glucose 
sensing. Functionalized In2O3 sensing surface has boronic-acid-terminated groups exposed in the 
liquid. Bound glucose forms a boronate anion complex that has electrostatic effects on the Quasi-
2D In2O3. (b) Normalized electrical output (I/I0) versus time showing clear plateau and transition 
region before and after glucose addition. (c) Response for a functionalized device to various 
concentration of glucose. The inset is stabilized sensing current versus concentration in logarithmic 
scale. (d) Transfer curves for a functionalized device responding to various concentration of 
glucose. The inset is threshold voltage versus glucose concentration in semi logarithmic scale. 
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Figure 6.10 Functionalization of Quasi-2D In2O3 and the detection of glucose. 
 
To quantify the sensor’s response to glucose, we plotted the continuous monitoring of sensing 
signal response as a function of glucose concentration (Figure 6.9c). By adding glucose solution 
with increasing concentration into the 0.1X PBS solution, we observed that the device had a wide 
sensing range from 10-13 M to 10-3 M. In the optimal sensing range (10-11 M to 10-5 M), the sensing 
current increased an average of 22% when the glucose concentration decreased one decade. This 
result was consistent with the Von shift of 8.1 mV/dec, which was extracted from transfer curves 
(Figure 4d). The plot of Von versus glucose concentration agreed with Hill-Langmuir equation
[292] 
for equilibrium ligand-receptor binding: 
 
𝑉𝑜𝑛 = ∆𝑉𝑜𝑛,𝑚𝑎𝑥
(𝑐 𝐾𝑑)⁄
𝑛
1+(𝑐 𝐾𝑑)⁄
𝑛 + V𝑜𝑛,𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒    (4) 
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Here 𝑐  is the glucose concentration, 𝐾𝑑  is the dissociation constant of boronic acid-glucose 
interaction, n is the Hill coefficient describing cooperativity of the binding, ∆𝑉𝑜𝑛,𝑚𝑎𝑥 is the Von 
shift when all boronic acid are bound to glucose and V𝑜𝑛,𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 is the Von in PBS buffer solution. 
The best fit to the glucose data yielded ∆𝑉𝑜𝑛,𝑚𝑎𝑥 = 93 𝑚𝑉, V𝑜𝑛,𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 = 137𝑚 𝑉, 𝐾𝑑 = 53 𝑛𝑀, 
and n = 0.15. The extracted cooperative parameter n was smaller than 1, consistent with previous 
report that the boronic acid-glucose interaction is a negative cooperative binding.[293] Also, the 
extracted dissociation constant was much lower than various non-enzymatic glucose sensors 
reported previously,[293-296] which is highly desirable for low concentration detection of glucose. 
With a LOD below 100 fM and a wide optimum sensing range from 10-11 M to 10-5 M, this device 
has performance metrics superior to various glucose sensors reported so far (Table 6.2).[297, 298]  
 
Table 6.2 Comparison of Analytical Performance of Glucose sensors 
Device platform Carbon 
Nanotubea) 
Reduced 
Graphene Oxideb) 
Graphenec) Quasi-2D 
In2O3
d) 
Sensitivity 5.5%/dec 9.1%/dec 13%/dec 22%/dec 
Optimum sensing range [M] 10-5-10-4 10-9-10-2 10-6-10-3 10-11-10-5 
Detection limit [M] 3×10-7 2×10-9 5×10-7 10-13 
Kd [M] 7.6×10
-5 1.5×10-8 3.9×10-5 5.3×10-8 
a) Lerner, Mitchell B., et al. "Scalable, non-invasive glucose sensor based on boronic acid 
functionalized carbon nanotube transistors." Applied Physics Letters 102.18 (2013): 183113.Table 
Footnote; b) Vasu, K. S., et al. "Non-enzymatic electronic detection of glucose using 
aminophenylboronic acid functionalized reduced graphene oxide." Sensors and Actuators B: 
Chemical 221 (2015): 1209-1214; c) Zhu, Yibo, et al. "A graphene-based affinity nanosensor for 
detection of low-charge and low-molecular-weight molecules." Nanoscale 8.11 (2016): 5815-5819; 
d) This work. 
 
We used PBS buffer solutions for sensing as it can regulate the pH in the presence of hydrogen 
ion generation during the boronic acid-glucose interaction, ensuring that changes in the sensing 
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signal can be solely attributed to boronate anion generation. However, the PBS concentration 
cannot be too high as the device sensitivity to glucose degrades critically when conducting the 
experiment in 1X PBS due to Debye screening. The Debye length for an electrolyte solution is as 
follows: 
𝜅−1 = √
𝜀𝜏𝜀0𝑘𝐵𝑇
2𝑁𝐴𝑒2𝐼
 
As seen above, the Debye length is inversely related to the square root of the ionic strength of the 
solution. So in comparison to a 0.1X PBS solution, 1X PBS is expected to have a shorter Debye 
length, and thus the range of the electrostatic effect of the surface charge will be muted 
significantly. For example, it was found that the addition of 3 pM of glucose corresponded to an 
approximate 3% drop in the current readout of the 1X PBS (Figure 6.11) while the same 3 pM 
addition resulted in approximately a 20% current decrease in 0.1X PBS, demonstrating the 
disparity in sensitivity between the two sensing solutions. The threshold voltage also experiences 
almost no change at all. While 1X PBS is still subject to the surface charge effects, it is not a 
sufficiently sensitive solution for testing the device and so we used 0.1X PBS to measure the effect 
of glucose addition.  
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Figure 6.11 Response of a functionalized Quasi-2D In2O3 Bio-FET to glucose in 1X PBS solution, 
showing greatly reduced sensitivity. (a) Normalized ID versus time. (b) Transfer curve for various 
concentration of glucose. (c) ID versus glucose concentration. (d) Threshold voltage versus glucose 
concentration. 
 
 To rule out the possibility of nonspecific interactions and false signals, a control experiment was 
carried out using an unfunctionalized device where the surface terminating group is APTES. To 
verify that the measurements taken are due to the boronic acid-glucose interaction and not 
responses that could occur with any solution, the device must be tested without surface receptors. 
The experiment demonstrated small, random fluctuations in current measurements with the 
addition of glucose solution. However, these fluctuations showed no clear direction nor correlation 
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with the glucose addition and suggest that there was no real, quantifiable effect upon the 
unfunctionalized device (Figure 6.12). In the absence of the boronic acid receptors, the glucose 
itself is not potent enough to influence the surface electrical response for adequate measurement 
from this biosensing device. Therefore, the experiment demonstrated that the functionalized 
surface receptors are responsible for the current changes measured throughout the previous 
experiments. The small increase in sensing current (~10%) was likely observed due to non-specific 
binding and is uncorrelated with glucose concentration. 
 
 
Figure 6.12 Response of an unfunctionalized Quasi-2D In2O3 Bio-FET to glucose in 0.1X PBS 
solution. 
6.6. Summary 
In summary, we have demonstrated a Bio-FET based on the novel quasi-2D In2O3, whose 
semiconducting nature together with the ultrathin structure make it highly advantageous for 
biosensing compared with other nanostructure semiconductors. Not only can quasi-2D In2O3 
provide excellent electrostatics and sensitivity due to its atomically thin nature, it also provides a 
scalable platform facilitating mass fabrication at low cost, which is an imperative requirement for 
practical applications. A pH sensor with ultrahigh sensitivity (1 pH-1) as well as small LOD (0.0005 
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pH) is demonstrated. Specific detection of glucose is also demonstrated and an extremely low LOD 
(<100 fM) was achieved in 0.1X PBS solution. Measurement in subthreshold region results in high 
sensitivity as well as signal-to-noise ratio. In addition, it is shown through electrical 
characterization that transistor intrinsic performance, nano-bio interface can greatly affect the 
biosensor performance metrics.  Given the simplicity and sensitivity of the demonstrated biosensor 
platform, we expect that quasi-2D oxide Bio-FETs would provide great opportunities in health-
care, environment and food industries. 
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7. Conclusion 
There has been tremendous progress in metal oxide semiconductor-based TFTs in the past decade 
in terms of material synthesis, processing, and device performances. At present, various oxide 
materials and devices have been commercialized for display and sensor applications. The 
technology of printable metal oxide semiconductors has also been remarkably developed. In 
particular, high annealing temperature, the biggest challenge, has been solved by new chemical 
synthesis, post processing, and unconventional structures with multi-channel, and nanomaterial 
doping. Among several issues in printable metal oxide fabrication, both film uniformity and 
reproducibility are still critical problems. However, it would be expected that enhanced precise 
control of material deposition in coating facilities could be able to solve these issues in the near 
future and low-cost and simplified device architectures will be applied to current device 
technologies. 
With regards to oxide TFT-based sensing systems, in spite of various sensing mechanisms and 
applications, the common scope is designing device structure and sensing scheme to utilize the 
intrinsic amplification of the TFT platform to obtain reliable sensitive signals. Interdisciplinary 
collaborations are required to fully understand the sensing mechanisms, to improve the reliability 
and signal-to-noise ratio, and to extract information from electronic readout. The ultimate goal 
would be low-cost, lightweight, or even wearable and dissolvable sensing systems to collect 
valuable information which would revolutionize biomedical research, personalized medicine, 
health monitoring, as well as automation and data exchange in manufacturing technologies. 
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